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Abstract
ANATOMY OF THE GEM OBl MOLECULAR CLOUD COMPLEX
May 1994
John Michael Carpenter, B.S., University of Wisconsin at Madison
Ph.D., University of Massachusetts Amherst
Directed by: Professor Ronald L. Snell
I have conducted an extensive study of the Gem OBI molecular cloud complex
in order to determine the global morphology of the molecular gas and how the
morphology is correlated with the distribution of embedded star forming regions.
The distribution and properties of the molecular gas were determined through
molecular line surveys in 12CO(J=1-0), 13CO(J=1-0), and CS(J=2-1), and the
embedded stellar content was traced using the IRAS point source catalog and a J,
H, and K band imaging survey of a portion of the cloud complex.
The global morphology of the cloud complex is dominated by a series of arc
and ring shaped structures found on nearly all resolved spatial scales from ~1 pc
to possibly even 100 pc. Several of these arc-shaped structures are found on the
periphery of optical H II regions and the physical properties of these features are
consistent with being swept up molecular material. Other arc-shaped features
are found without associated optical counterparts, but possess morphological and
kinematic evidence that suggests that these structures also represent swept up
regions of molecular gas.
The large scale CS mapping found 13 cores of dense molecular gas with masses
ranging from 40 M© to 2600 Mq. These cores are preferentially found within the arcs
of molecular gas found in the ^^CO and '^CO surveys, which suggests that the cores
formed as this molecular gas was swept up. Twelve of the 13 cores are associated
with a IRAS point source or a cluster of stars. This indicates that star formation
V
must proceed rapidly after the formation of dense cores that have masses exceeding
at least
~ 50 M., and that dense cores must be continually formed throughout the
lifetime of the Gem OBl cloud complex if massive star formation is to continue.
These observations suggest that once massive stars form, the evolution of cloud
complexes and the subsequent formation of massive stars and embedded stellar
clusters is dominated by the interactions of massive stars with the ambient molecular
material.
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Chapter i
Motivation
The interstellar detection of the ^^CO molecule by Wilson, Jefferts, k
Penzias (1970) marked the realization that molecular gas forms a significant
component of the interstellar medium in the Milky Way. Since then, numerous
emission line surveys have been conducted to elucidate the distribution and
properties of molecular gas, both on a global scale (see Combes 1991 for a
compilation) and of individual regions. These studies have shown that while the
mass fraction of the molecular gas in the interstellar medium is similar to that of
atomic hydrogen (Scoville & Sanders 1987), the molecular gas contains higher
volume densities and occupies a much smaller fraction of the interstellar volume.
This tendency for the molecular gas to be found in localized regions as opposed to
the ubiquitous, continuous distributions of atomic hydrogen fostered the concept of
"clouds" and "cloud complexes" of molecular gas and dust. The spatial correlation
of these clouds with extant tracers of star formation conclusively showed that the
molecular, and not atomic, gas constitute the primary, if not exclusive, sites of star
formation throughout the Galaxy.
While this rudimentary picture of molecular cloud and star formation is
generally accepted, many outstanding problems remain concerning the formation,
evolution, and star formation characteristics of cloud complexes that have
perplexed both observers and theorists alike for over 20 years. Perhaps the most
fundamental of these issues involves understanding the origin of the velocity field of
molecular gas. It was recognized early on that the width of all observed molecular
spectral lines were several times larger than the expected thermal line width, which
2implies the existence of large scale motions along the line of sight. The first notion
was that the broad line widths reflect gravitational collapse of the molecular gas
on free-fall time scales (Goldreich k Kwan 1974). The implied star formation rate,
however, far exceeds the observed value (Zuckerman k Evans 1974). A continuous
medium with random, turbulent motions fairs no better since these models predict
flat topped and self-absorbed line profiles that are generally not observed. These
considerations led Kwan L Sanders (1986) to propose that molecular clouds
consist of numerous small clumps with a nonsystematic velocity field and a
variable spatial filling factor. While this model does not account for all of the
generally observed features in spectral lines, it meets with considerably more
success than previous models. Additional observational support for this clumpy,
turbulent cloud model has accumulated in the past few years from the spatial
distribution of atomic and ionized carbon (Stutzki et al 1988), high spatial
resolution studies of nearby molecular clouds (Falgarone, Phillips, k Walker 1991),
and high velocity resolution ^^CO spectra (Tauber, Goldsmith, k Dickman 1991).
The general success of the clumpy model and the rejection of systematic
velocity fields in molecular clouds has dramatic repercussions for the large scale
structure of molecular cloud complexes. Given that molecular clouds are strongly
self-gravitating (Elmegreen 1993b) and are generally not in a state of free-fall
collapse, clouds must be supported against gravitational collapse for times greater
than the free-fall time scale (~1 Myr). Indeed, the age spread of stars within
stellar clusters (e.g., Adams, Strom, k Strom 1983) and the dissipation of
molecular gas around OB associations (Leisawitz, Bash, k Thaddeus 1989) imply
that cloud life times exceed 10 Myr. In addition, the formation of large, massive
complexes (lO'^ M©) from the coalescence of smaller clouds may require cloud
lifetimes to exceed 100 Myr (Kwan k Valdes 1987), although the validity of such
models are debated bcised on this very point (Blitz k Shu 1980).
3Regardless of the mechanism for the formation of molecular clouds, the
prevailing observational evidence indicates clouds must exist for at least several
free-fall time scales. The difficulty with this concept is that the turbulent,
supersonic motions implied by the observations are highly dissipative. For many
years, it was generally assumed that the turbulent energy dissipated on a free-fall
time scale, and so without a continuous input of energy, turbulence could not
support the cloud. However, the computer simulations by Scalo &
Pumphrey (1982; see also Elmegreen 1985) suggests that rate of energy loss is not
as severe as commonly thought, and that turbulent motions are sufficient to
support clouds for a few cloud crossing times (see, however, Shu, Adams, &
Lizano 1987). Thus in this scenario, clouds collapse to form stars as fast as the
rate of turbulent energy dissipation allows (Elmegreen 1993a). Eventually, energy
is added back to the molecular gas via stellar winds after stars form (Norman k
Silk 1980). This model, however, assumes that broad line widths represent
turbulence. Arons k Max (1975) suggested that line widths reflect a spectrum of
magnetohydronamic waves. Such a model is appealing in that the waves are long
lived with respect to the free-fall time scale. Myers k Goodman (1988) presented
indirect evidence that suggests the magnetic fields are the principle agents that
support molecular clouds against gravitational collapse.
Whatever the support mechanisms are, eventually the cloud collapses and
stars form. The details of this process, however, are just as perplexing and
ill-understood as the molecular cloud structure. A census of the stellar
populations in the Taurus, Rho Ophiuchus, and Orion molecular cloud complexes
indicates that only 1-5% of the total molecular mass is converted into stars (Evans
k Lada 1991). In many cloud complexes, much of the star formation is highly
localized in dense clusters (e.g., Wilking k Lada 1983, Lada et al. 1991b) which
often contain a substantially high star formation efficiency, defined here as the
4ratio of the mass of stars to the total mass of stars and gas, than the cloud
complex as a whole. Why only a small fraction of the total cloud mass is converted
into stars, and why star formation is highly localized in some cloud complexes, or
equivalently, why the cloud support mechanisms dissipated in only part of the
cloud complex, remains poorly understood.
Despite the intensive investigations into these issues for the past 20 years,
substantial evidence exists to suggest that the current observational and
theoretical descriptions of molecular clouds are vastly incomplete. Recent large
scale maps have revealed that molecular clouds often contain a complex network of
"loops" and "filaments" that defy the traditional notion of static clouds in an
equilibrium state (Bally et al. 1987; Scalo 1990). Previous studies failed to detect
such structures either because of insufficient angular resolution to resolve these
features or lack of spatial coverage to place them in a global context. The origin of
these structures remain unknown, although star formation (Bally et al. 1987) and
magnetic fields (Carlberg k Pudritz 1990) have been implicated.
The broad gap in our understanding of the nature and origin of the complex
structures observed in molecular clouds necessarily translates into a general
uncertainty on how star formation starts and propagates through molecular cloud
complexes. This uncertainty extends more to massive star formation, as
quantitative theoretical models for the formation of isolated, low mass stars in
dense cores through ambipolar diffusion meets many of the observational
constraints (Shu, Adams, h Lizano 1987). Even for low mass stars, however,
individual objects or an ensemble thereof are studied at the expense of
understanding the global spatial distribution. Yet since the stars in Taurus
(Kenyon et al. 1990) and optical H II regions in many cloud complexes (e.g.,
Heyer et al. 1989) are not randomly distributed but exhibit tendencies to cluster,
determining the origin of the global structure of molecular cloud complexes
5potentially contains the key to understanding large scale star formation patterns in
molecular clouds.
These observational limitations have been largely overcome in recent years as
technological advancements have greatly increased the observing efficiency and
scope of investigations into the global structure of cloud complexes and the large
scale distribution of star forming regions. For molecular cloud research, the
development of the first receiver array operable at 3 mm wavelengths by the Five
College Radio Astronomy Observatory (FCRAO) enables molecular cloud
complexes to be mapped an order of magnitude faster than previously possible.
The obvious advantage is that entire cloud complexes can now be imaged, not just
localized regions. Even greater technological strides have been made at
near-infrared wavelengths. The explosive proliferation of sensitive, large format
near-infrared cameras has provided unprecedented views of the stellar population
deeply embedded in molecular clouds. Finally, the now nearly venerable IRAS
survey of the sky at far-infrared wavelengths provides an alternative means to
locate embedded star forming regions in molecular cloud complexes. This thesis
combines these various utilities to study the large scale molecular structure and
stellar content in the molecular cloud complex near the Gem OBI association in
order to determine its global morphology and how the distribution and properties
of the embedded stars relate to the molecular cloud structure.
The Gem OBI molecular cloud complex was discovered in the Columbia 1.2 m
survey of the galactic plane (Dame et al. 1985; see also Blitz 1978; Huang k
Thaddeus 1986; Stacy h Thaddeus 1991). The molecular gas spans an angular
extent of ~6° x 6° on the sky, and contains ~10^ M© of molecular material.
Several factors led to choosing the Gem OBI molecular cloud complex for this
study. First, its location toward the outer Galaxy significantly reduces confusion
with other cloud complexes along the line of sight, a problem which plagues
6studies of inner Galaxy clouds. Second, the Gem OBI complex contains a wide
range of massive star formation environments. While at least three distinct regions
of star formation are apparent optically, most of the cloud complex contains no
optical evidence of vigorous star formation activity. Thus the properties and
morphology of the gas can be contrasted under a wide variety of environmental
conditions. Finally, from a practical point of view, the Gem OBI complex has a
favorable declination for observation in the northern hemisphere. While a few
other studies of the large structure of molecular cloud complexes have been
completed over the years (Bally et al. 1987; Xie 1992; Lee 1992), this study has the
distinction of covering a physical area an order of magnitude larger than these
surveys, and thus these observations effectively probe the large scale morphology
of the molecular gas and the global star formation characteristics.
To achieve these goals, I have conducted a series of observations to trace the
global cloud structure and the various phases of the star formation process. First,
the Gem OBI cloud complex was mapped in ^^CO and ^^CO to provide an
indication of the dominant structural features and to quantify the basic physical
properties of the molecular gas, such as kinetic temperature and column densities.
Searches for dense cores, the precursors to stars, using CS(J=2-1) as a tracer were
made toward regions with strong ^^CO emission. Smaller CS maps were also
obtained toward IRAS point sources to enable a systematic comparison of core
properties and stellar populations. Finally, a J, H, and K band near-infrared
survey of a portion of the Gem OBI complex was conducted to locate star forming
regions by searching for clusters of stars and for stars with "anomalous"
near-infrared colors.
The salient result from the analysis of these data is that once massive stars
form, the evolution of the cloud complex and the subsequent formation of massive
stars and embedded clusters of stars is dominated by the interactions of massive
7stars with the ambient molecular gas. The various lines of evidence that led to this
conclusion are explored in subsequent chapters in this thesis. First, the details of
the observations and the data reduction procedures are provided in Chapter 2. In
Chapter 3, the global morphology of the Gem OBI cloud complex is discussed,
followed by a quantitative analysis of the properties of the molecular gas in
Chapter 4. Chapter 5 examine the distribution of dense cores and star formation
sites in the Gem OBI cloud complex, and in Chapter 6, the properties and
distribution of individual stars are examined. Chapter 7 synthesizes the results
from these observations and discusses their implications for star formation. A
summary of the conclusions from this thesis is provided in Chapter 8.
Chapter 2
Observations and Data Reduction
2.1 "CO(J=1-0) and "CO(J=1-0) Observations
The Gem OBI complex was mapped in i2CO(J=l-0) (115.271203 GHz) and
i3CO(J=l-0) (110.201370 GHz) between March 1991 and May 1992 with the
FCRAO 14m telescope using QUARRY (Erickson et al. 1989). The beam size of
the 14 meter antenna at these transitions is 45" and 47" for ^^CO and ^^CQ
respectively. QUARRY contains 15 elements arranged in a 3 x 5 grid. The angular
spacing of the beams on the sky is 100" along the short axis of the array and 50"
along the long axis. The 100" gap was filled in by shifting the array 50" in
declination, so that all of the maps presented here are nearly full-beam sampled at
50" The data were taken in position switching mode and calibrated with the
standard chopper wheel method of observing an ambient temperature load and sky
emission. To increase the mapping efficiency, calibration and reference position
measurements were obtained every 1.5 to 2 minutes after several on-source
integrations. The backends for each pixel of the array consisted of a two, 32
channel filter bank spectrometers, one with a channel resolution of 250 kHz
(0.65 kms-^ for ^^CO) and the other with 1 MHz. Unless specifically stated, the
maps presented here were made using the 250 kHz data.
The observed antenna temperatures corrected for the atmosphere and
telescope losses are presented as Tr* following the nomenclature recommended by
Kutner h Ulich (1981). The spillover and scatter efficiency (r/fss) of the telescope
and radome has been determined from previous FCRAO measurements to be ~0.7
9at these frequencies. A further correction, the source coupling efficiency (r;.), is
needed to account for the coupHng of the beam to the source. For a uniform source
that fills the main beam of the 14m telescope, r?e is -0.7 (i.e., 30% of the power is
scattered on angular sizes much greater than the FWHP beam size), while for
sources with uniform intensity over a diameter of 30', r/e is 1.0. In practice, the
observed structures in the ^^CO and ^3C0 maps span a range of sizes and shapes,
and so applying a single coupling efficiency for the entire map is incorrect. Rather
than apply the coupling coefficient on a pixel by pixel ba^is, the data are presented
in Tr* temperature units. The ^^CO map contains 175,200 spectra covering a
5.07° X 6.67° region with a typical measured RMS per channel of Tr* ~0.6K,
while the ^^CO map contains 166,440 spectra over a 5.07° x 6.33° region with a
noise level of -0.3 K. The ^^CO map is slightly extended in declination both north
and south of the "CO map to completely map a feature in the southern portion of
the cloud complex and to cover the IC 443 region.
2.2 CS(J=2-1) Observations
The CS(J=2-1) (97.98101 GHz) observations were also made with QUARRY
on the FCRAO 14 meter telescope between December 1992 and February 1994.
The full-width at half maximum beam size of the 14m at this frequency is 52",
with a forward scattering and spillover efficiency of ~0.7. Since the CS emission
typically extends over a couple of arc minutes, a coupling coefficient of 0.7 was
applied to these data. Antenna temperatures corrected for both the forward
scattering and spillover efficiency and the coupling coefficient are denoted as Tr
(Kutner & Ulich 1981). The velocity resolution of the 250 kHz filter banks at the
CS(J=2-1) frequency is 0.76 kms~^ The first stage of the observations consisted
of mapping nine large regions with extended bright "CO emission at 50" sampling
to a RMS noise level of Tr ~0.29K. In addition, a 4.2' x 5.0' region around all
10
IRAS point sources with far-infrared colors characteristic of young stellar objects
(see Chapter 5) was mapped at 50" sampling to a RMS noise level of Tr -0.20 K.
2.3 SQIID
A 30' X 45' area around the Sh 247 H II region was observed with SQIID on
the 1.3 m telescope at Kitt Peak during two photometric nights in January 1993
with seeing conditions of 1.5-2'! SQIID observes the J, H, K, and L bands
simultaneously using four 256 x 256 PtSi arrays. Non-linearities in the detectors
were corrected for using the formulae in the January 1993 SQIID manual. The
plate scale of 1.35" per pixel for each band provided a field of view of 5.76' x 5.76'
per frame. The observing procedure consisted of observing a 3 x 3 grid with two
exposures of 180 seconds each dithered by 20" at each position in the grid. The
complete observations contained of a 2 x 3 mosaic of these grids. The images were
reduced in the standard manner with median filter sky frames and fiat fields.
Calibration stars were chosen among the fainter standards in the Elias et
al (1982) list and the UKIRT faint standards (Casali k Hawarden 1992)
transformed into the CIT color system. The observed SQIID colors were consistent
with the CIT color system to within ~5% for J-K ^2.0, so no further color
corrections were applied. Atmospheric extinction corrections were determined by
observing standards over a range of airmasses. Stars were identified using
DAOFIND and by adding a few additional stars upon visual inspection of the
images. Stellar magnitudes were obtained using the IRAK 2.10 version of
DAOPHOT on the coadded 3x3 grids and point spread function photometry.
The completeness limits of the observations were estimated by adding artificial
stars to a test image with the same random noise characteristics as the processed
data frames. More than 90% of the stars brighter brighter than 16.1 at J, 15.0 at
H, and 14.5 at K were recovered using the DAOFIND task.
Chapter 3
Morphology of the Gem OBl Cloud Complex
3.1 Definition of the Gem OBl Cloud Complex
The identification of the Gem OBl association stems from a concentration of
bright O and B stars extending from / ~187° to 191° and b ~-2° to 4° (see
Appendix A). Hardie, Seyfert, L Gulledge (1960) identified 58 possible association
members, and Barbaro, Dallaporta, L Fabris (1969) estimated an age of 10 Myr
for the association based on the main sequence turnoff in the HR diagram.
Considerable age spread exists among the association members. For instance,
Grasdalen k Carrasco (1975) estimates an age of only 2 Myr for the cluster of
stars surrounding the 06.5 star HD 42088 in Sh 252.
Figure 3.1 presents a schematic of the various optical components located near
the Gem OBl association together with a coarse ^^CO contour map. The circles
represent the approximate sizes and locations of cataloged nebulae, supernova
remnants, and open clusters, and the asterisks signify positions of possible
members of the Gem OBl association (Crawford et al. 1955; Hardie, Seyfert, k
Gulledge 1960; Humphreys 1978). The dashed line marks the extent of the region
mapped in ^^CO. The optical nebula found within the body of the molecular gas
include the supernova remnant IC 443, the bipolar reflection nebula LkHa208,
and the H II regions BFS52, Sh247, Sh252, the Sh254, Sh255, Sh256, Sh257,
and Sh 258 group (hereafter referred to as Sh 254-258), Sh 259, and Sh 261. A brief
description of most of these nebula is presented in Appendix A. Of these objects.
12
(1950)
Figure 3.1. Schematic showing the positions and sizes of the optical nebula (dark
circles) and the ^^CO(J=1-0) emission (light solid curve), and the possible OB
association members (asterisks). The dashed line encloses the region mapped in
^2CO(J=1-0).
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LkHa208 is likely associated with foreground molecular material and Sh259 is
likely a background source (see Appendix A).
The original identification of the Gem OBI molecular cloud complex stems
from the Columbia ^^CO survey of the galactic plane (Dame et al. 1987; see also
Blitz 1978; Huang 1985; Leisawitz, Bash, k Thaddeus 1989; Stacy k
Thaddeus 1991). The ^^CO maps of this region show an enhancement of molecular
ga^ nearby the Gem OBl association, and based on the paucity of molecular gas in
general toward the outer Galaxy, it seems likely that most of the molecular gas
would be at roughly the same distance. More substantial evidence comes from
observations of Sh 247, Sh 252, and Sh 254-258. Each of the H II regions have
spectroscopic and photometric distance estimates of ~2.0 kpc (see Appendix A;
Huang 1985; Kompe et al. 1989). Since these H II regions are associated with a
large fraction of the molecular gas in the mapped region, these distance estimates
form the primary justification for treating the Gem OBI cloud complex as a single
entity. While the estimated distance to the Gem OBI association of 1.5 kpc (see
Appendix A differs from that of the molecular gas, it is not clear how significant
this difference is given the potential for systematic errors in both distance
estimates. Throughout this dissertation, I adopt the distance to the cloud complex
that is most directly related to the molecular gas, 2.0 kpc.
Distance estimates toward the molecular gas along the western and southern
edges of the Gem OBI cloud complex are not as readily available since no optically
visible H II regions are present in these two areas. Based on a possible
morphological connection between the western edge of the Gem OBI complex and
the Gem OBI association (described in more detail below), and a possible
relationship between the southern edge of the Gem OBI cloud complex and the
H II region Sh261 which has a spectroscopic distance estimate of 1.8 kpc, these
two regions are also considered as part of the Gem OBI cloud complex.
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Appendix A provides a more complete discussion of the available distance
estimates to the Gem OBl cloud complex.
Figures 3.2 and 3.3 present full resolution grey scale images of the peak ^^CO
and antenna temperature, respectively, of the Gem OBI cloud complex.
Images of the individual channels in the spectrometer for both the ^^CO and ^^CQ
data are shown in Appendix B. The northern extension of the ^^CO map outlined
in Figure 3.1 covers IC 443 and is presented later in this section. The largest
concentrations of molecular emission are found near the optical H II regions
Sh247, Sh252, and Sh 254-258 with additional regions of extended, strong
molecular emission along the western edge and southern quarter of the cloud
complex. As expected, the ^^CO data are much more sensitive to the emission
from low column density molecular gas than the ^^CO data, while the latter tends
to emphasize column density variations due its lower optical depth.
Even the most cursory examination of the peak antenna temperature images
and the velocity maps reveals a highly intricate morphology to the Gem OBI
molecular cloud complex. Long, narrow, filamentary shaped structures, loops and
arcs, bright rims, and diffuse patchy regions are all readily observable. These
structures imply a highly dynamic state for the Gem OBI complex, in stark
contrast to more the common conceptual image of static spherical molecular
clouds.
One of the most recurrent features throughout the ^^00 and ^^CO images on
nearly all resolved angular size scales is the presence of arc-shaped and filamentary
structures. While magnetic fields (Carlberg k Pudritz 1990) and compressible
turbulence (Passot, Pouquet, h Woodward 1988) are a couple of the mechanisms
that have been proposed to to explain such structures in molecular clouds, the
morphological and in some instances kinematic evidence suggests that most of
these features likely formed as a result of interactions of massive stars with the
15
Figure 3.2. Grey scale map of the peak ^^CO(J=1-0) antenna temperature of the
Gem OBI cloud complex obtained using the entire velocity range of the 250 kHz
filter banks.
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Figure 3.3. Grey scale map of the peak ^^CO(J=1-0) antenna temperature of the
Gem OBI cloud complex obtained using the entire velocity range of the 250 kHz
filter banks.
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ambient molecular gas through expanding H II regions and stellar winds. The
following discussion highlights the various regions that contain compelling evidence
that this is indeed the case, beginning with a qualitative description of the
molecular gas around the optical H II regions. This analysis will then be used to
aid in understanding the origin of similar structures in the molecular maps that do
not contain as prominent optical counterparts.
3.2 Molecular Gas Around Optical H II Regions
3.2.1 Sh 247
The molecular gas near the optical H II region Sh 247 contains the most
complex kinematic and spatial structure of all the large concentrations of
molecular emission that were found. To better relate this structure to the extent of
the optical nebula, Figure 3.4 displays the peak "CO antenna temperature image
overlayed on the red Palomar Sky Survey print. The Sh 247 H II region he
angular diameter of ~8' and contains an exciting star of spectral type BOV
(Hunter k Massey 1990). At least three distinct filaments are observed in thi
region. One filament wraps around the eastern edge of Sh 247 and is almost
certainly physically associated with the H II region. The brightest molecular
emission in the entire Sh 247 region occurs directly adjacent to the optical nebula
in two compact peaks. The second prominent filament lies ~10' further east and
has a similar size and curvature as the first, but instead curves away from Sh 247
and has no clear association with an optical object. A third filament is found at
velocities between ~10-12 kms~^ (see Appendix B) and extends down to the
Sh 252 region. The northern extent of this structure terminates near the southern
edge of the second filament mentioned above.
las an
lis
18
a (1950)
Figure 3.4. Overlay of the ^^CO(J=1-0) peak antenna temperature image image on
a digitized red Palomar Sky Survey print of the Sh 247 H II region. Contour levels
begin at = 1.5 K with increments of 1.0 K.
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3.2.2 Sh 252
The molecular ga. around the Sh 252 H II region contains similar structural
features as the gas around Sh 247. Figure 3.5 shows the peak ^^CO antenna
temperature map overlayed on the Palomar Sky Survey print for Sh 252. The
exciting star for the H II region, the 06.5V star HD 42088, is located near the
center of the nebula at {a,S) = (6^06^40.85% 20° 20' 51.5" ). An obvious cavity
the molecular ga^ exists where the optical nebula is situated. Portions of both the
eastern and western edges of the nebula are sharply bounded by the molecular gas,
which either indicates a ionization bounded H II region or that molecular gas
wraps in front of Sh 252 and obscures the nebular emission. Besides the northeast
corner of Sh 252, the face of the nebula shows comparatively less traces of
extinction, and therefore most of the molecular gas detected against Sh 252 must
be on the backside of the H II region (see also Grasdalen & Carrasco 1975). As in
Sh 247, the general morphology strongly suggests a physical interaction between
the H II region and the ambient molecular material, although the velocity field of
the molecular gas show no compelling evidence for overall expansion.
3.2.3 Sh 254-258
As with Sh 247 and Sh 252, the molecular gas near Sh 254-258 group of optical
nebula possesses structural features suggesting an interaction with the H II
regions. Figure 3.6 shows an overlay of the ^^CO emission on the red Palomar Sky
Survey prints of this region. Again, the molecular emission outlines the boundary
of the largest optical H II region in this group, Sh 254. The strongest molecular
emission occurs directly between Sh 255 and Sh 257 (see also Heyer et al. 1989).
While the ^^CO emission shows a comparatively smooth distribution of emission
outside of the optical H II regions, the more optically thin ^^CO emission shows
the presence of several additional filaments of molecular gas. In particular, at
20
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Figure 3.5. Overlay of the '^CO(J=1-0) peak antenna temperature image on a
digitized red Palomar Sky Survey print of the Sh 252 H II region. Contour levels
begin at = 1.0 K with increments of 2.0 K.
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Figure 3.6. Overlay of the '^CO(J=:1-0) peak antenna temperature image on a
digitized red Palomar Sky Survey print of the Sh 254-258 H II region. Contour
levels begin at = 1.5 K with increments of 1.5 K.
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velocities of 7-10 kms-, the ^3co images shows a filament of gas with the
characteristic arc shape that extends southeast of Sh 255 for -30! In fact, both the
^^CO peak antenna temperature and velocity maps suggest a circular shaped
structure to the molecular gas, and the compact H II regions in this region (i.e.,
all except Sh 254) appear within this ring.
3.3 Expanding Structures
The presence of arc-shaped structures around the optical H II regions strongly
suggests that these features are a result of the interactions between the massive
stars with the ambient molecular material. Indeed, in Chapter 4 it is shown that
the properties of these features are generally consistent with that of swept up
molecular material from expanding H II regions and stellar winds. While other
arc-shaped structures are present throughout the Gem OBI complex, these
features are not generally associated with obvious optical counterparts on the
Palomar prints. Nonetheless, based on the morphology and kinematics of these
structures, it is likely that these features represent swept up molecular material
from the stellar winds and expanding H II regions coming from either massive
stars that are no longer optically visible, or from low mass objects that are never
prominent at optical wavelengths. The following discussion describes the
morphological and kinematic evidence that this is the case for several of these
regions.
3.3.1 Arcs, Loops, and Rings
A prominent group of three ring-like structures are found southeast of Sh 252
(see Figure 3.2), each with a diameter of ~15', or 9 pc at a distance of 2 kpc.
Stellar winds and expanding H II regions are obvious candidates for the origin of
these rings, but no bright stars, stellar clusters, or IRAS point sources exist near
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the center of the rings. To examine the kinematics of these features, I compared
the spectrum obtained by averaging the emission around the edge of the ring to
that obtained by averaging all of the spectra at the ring center. While the
emission toward the center of the ring is very weak and most individual lines of
sight have less than a 3a ^^CO detection, the averaged spectrum contains a
reasonable signal to noise. Figure 3.7 compares these spectra in the northern most
of the three large rings. The solid histogram in Figure 3.7 is the ring-center
averaged spectrum, and the dotted histogram represents the ring-edge averaged
spectrum scaled by 1/3. The ring-edge spectrum has a single emission peak, while
the ring-center spectrum contains a nearly symmetric double peaked line profile
with a peak to peak separation of ~4.5 kms'^ centered on the velocity of the
ring-edge averaged spectrum. This is the kinematic signature of an expanding
shell of molecular gas. The double peaked line profile toward the ring center
represents the approaching (front) and receding (back) parts of the shell, while the
motion of the gas on the perimeter of the shell occurs mostly tangential to the line
of sight. I averaged the spectra outside the ring in order to examine the possibility
that the apparent double peaked line profile is an artifact of weak ^^CO emission
present in the reference position used for the position switched observations. No
emission in the reference position was indicated by these tests.
Similar searches for kinematic evidence for expansion were made toward the
other ring-line structures in the ^^CO and ^^CO maps, including Sh 252, but none
show as convincing evidence for spherical expansion. In these rings, normally only
one velocity component in the ring-center averaged spectrum was observed,
although the velocity of the ring-center averaged spectrum was often offset from
the velocity in the ring-edge averaged spectra by ~l-2 kms~^ This possibly
indicates that only the front or back side of the shell is visible.
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Figure 3.7. A comparison of the average ring-edge ^^CO spectrum (dotted his-
togram) with the average ring-center ^^CO spectrum toward the northern most of
the three rings southeast of Sh 252. The ring-edge spectrum has been scaled by
1/3.
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Other features in the Gem OBI molecular cloud complex also contain
kinematic signatures suggestive of expansion. The most spectacular of these is the
r.5 arc that extends from the southeast corner of the Sh 254-258 region near {a,6)
= (6M4m, 18<> ) at a velocity of -12 kms"^ (see Appendix B) and connects up to
BFS52. The centroid velocity of the ^^CO emission shifts systematically by
-5 kms-^ over the length of the arc. Along the northern extent of the feature
(near BFS 52), the inner edge has relatively high ^^CQ line temperatures along a
sharp ridge, while the outer edge is more extended with comparatively lower
antenna temperatures. There is a dearth of ^^CO and ^^CO emission interior to
this arc. Even after averaging 828 ^^CO spectra just next to the eastern edge of
the ring, no emission was detected at a 3a RMS level of Tr* =0.07 K, although
^^CO emission was detected near the northern extent of the ring at the 0.15K
level. All of these properties suggest this feature represents a swept up arc of gas.
The curvature of the arc suggests a relationship with the Sh 254-258 group, but
since the ^^CO emission extends over a much larger area than the optical nebula,
this association remains somewhat speculative.
3.3.2 The Arc
The loops and rings of molecular gas described so far are found primarily near
the optical H II regions. While a large fraction of area mapped in ^^CO and '^CO
does not contain such signatures of massive star formation, these regions
nonetheless have coherent large scale structures. The ^^CO emission observed
along the western edge of the Gem OBI cloud complex that is most clearly seen in
the velocity images presented in Appendix B. At velocities of ~— 1 kms~*, the
emission is nearly continuous from a declination of —22° down to ~17.5°. (The
three long, narrow emission regions down the center of the velocity images are
related to LkHa208 and are probably foreground objects; see Appendix A.)
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Moreover, the emission forms an apparent arc with a curvature that points in the
general direction of Sh 252 and the Gem OBI association. Since the emission along
this feature persists for at least 14 channels (9 kms-) while maintaining the arc
shaped appearance, it is likely a physical structure and not a chance projection of
unrelated molecular gas emission. This structure, which shall henceforth be
referred to as simply the "arc", may possibly continue down to the southeast
corner of Gem OBI (see velocity maps around 1 kms'i), although this extension is
unclear since a gap in the continuity of the ^^CO emission exists at {a, 6) =
(6^5m, 17^ 30' ).
Regardless of the possible extension of the arc to the southeast corner of
Gem OBI, the properties of this feature are remarkable in many respects and are
unlike the molecular emission from most known molecular cloud complexes.
Figure 3.8 shows a spatial velocity map that follows the arc structure beginning on
the northern edge and proceeding toward the lower left corner. The dotted line
marks the point where the continuity of the arc at a, 6) = {6^bm, 17° 30'
)
becomes questionable. To improve the signal to noise of the map, the spectra were
averaged over a chord length of 60 pixels, which is approximately the thickness of
the arc perpendicular to the curvature. One of the unusual physical properties of
this feature are the large line widths given the low antenna temperatures (Tr*
^4K). These broad line widths exist in individual spectra and not artifacts of the
spatial averaging. Along most positions of the arc the line of sight line widths are
~4-5 kms~^. Normally such broad lines are observed only toward the cores of
massive star forming regions. In this case, however, the peak antenna
temperatures are generally ^4K, while massive star forming regions have peak
temperatures <^10K (see Figure 3.2). No signs of massive star formation in terms
of optical H II regions and luminous IRAS sources are apparent within the arc.
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Figure 3.8. Spatial velocity map of the large arc found along the western edge of the
Gem OBI cloud complex. The contour levels begin at Tj^ = 0.25 K with increments
of 0.5 K. The spectra have been averaged over a chord length of 60 pixel to improve
the signal to noise. Zero offsets refer to a declination of 22°, while an offset of ~
8° refers to the southeast corner of the molecular cloud. The dotted line marks the
location at where the extension of the arc to the southeast corner becomes uncertain.
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The shape of this feature and the broad ^^CO line widths suggests that the arc
could represent a partial expanding shell of molecular gas with highly turbulent
motions. The curvature suggests an origin near Sh 252 or the OB association. It is
unlikely, however, that the current OB stars in Sh 252 are responsible since they
remain deeply embedded in the molecular cloud and are likely to be very young.
The collective winds of the stars in the OB association are a more likely source of
energy, which will be explored in more detail in Chapter 4. Note that the
properties of this arc are remarkably similar to that of Maddalena's cloud
(Maddalena k Thaddeus 1985; Lee 1992), and in fact, based on the similarity of
these properties and the kinematics, Lee (1992) interpreted Maddalena's cloud as a
swept up shell of gas.
3.4 LkHa 208, Sh 259, and IC 443
Before continuing the analysis of the morphology of Gem OBI, I will briefly
discuss the molecular gas associated with LkHa 208, Sh259, and IC443. While
neither of these three objects will figure prominently in subsequent discussions,
they are interesting objects in their own right and merit a brief discussion.
The brilliant bipolar nebula LkHa 208 is associated with three co-linear
patches of molecular gas down the center of the molecular line maps at velocities
of ~0 kms"^ Three regions have narrow line widths, strong ^^CO emission, and
are readily visible on the Palomar Sky Survey prints as opaque regions, which are
all properties characteristic of local dark clouds. In addition, these three regions
have no clear physical relationship with any other features in the molecular line
maps. Thus these regions are most likely foreground patches of molecular gas (see
Appendix A), and are excluded from all analyses presented in this dissertation.
The 1 MHz data were examined for molecular emission velocities outside the
range of the 250 kHz spectrometers. Extensive emission was found in the
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southeast corner of the
-CO map, and the peak antenna temperature map is
presented in Figure 3.9. Within this area is the optical H II region Sh 259 near
(a, 8)
~(6H8.7-, 17° 27f5). Moffat, Fitzgerald, & Jackson (1979) estimated a
distance of 8.3 kpc to Sh 259 based on spectroscopy of the exciting star of the H II
region. The large radial velocity (-22 kms'^) of the molecular gas supports this
assertion. The emission toward Sh259 itself extends only for a few arc minutes.
Further to the southeast is a patch of molecular gas ~0.75o in length at a velocity
of
-19 kms-i. The kinematic distance of this material, assuming a flat rotation
curve of 220 kms-^ and a galactic center distance of 8.5 kpc for the sun, is 5.9 ±
1.0 kpc, corresponding to a linear size scale of -100 ±17 pc. The narrow filament
running below the center of Figure 3.9 occurs at velocities of -24 kms-\ implying
a kinematic distance of 8.1 ± 1.3 kpc and also a size scale of 100±17 pc. Unless
these features have highly peculiar motions, clearly extensive quantities of
molecular gas are capable of forming at distances up to at least -16 kpc from the
galactic center. A few emission features appear at velocities of -13-15 kms'^ in
the northwest corner of the Gem OBI cloud complex. Since these features have
anomalous velocities compared with the majority of the ^CO emission and are not
obviously structurally related to any other features in the maps, they are also
considered background molecular clouds.
The northeast extension to the ^CO map shown in Figure 3.1 covers the
supernova remnant IC443 near the heart of the Gem OBI association. A grey
scale image of the ^CO map that was obtained is shown in Figure 3.10. Most of
the molecular gas runs nearly north-south across the face of the IC 443 supernova
remnant. Dickman et al. (1992) speculate that the supernova blast wave is
ablating the material off of several clumps within these filaments, and in some
instances, the ^CO lines have velocity extents of up to 80 kms~^ This higher
velocity gas extends outside the bandwidth of the 250 kHz spectrometers.
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Figure 3.9. Grey scale image of the ^^CO(J=:1-0) emission detected in the 1 MHz
filter banks at velocities greater than 16 kms~^ The kinematic distance to these
clouds range from 6 to 8 kpc, which is supported by the spectroscopic distance to
the H II region Sh 259 which is in this field.
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(1950)
Figure 3.10. Contour map of the peak ^^CO(J=:1-0) antenna temperature toward
the supernova remnant IC 443. Contour levels begin at Tj^ = 2.5 K with increments
of 2.0 K. Note that the high resolution filter banks do not cover the full range of
velocities observed previously in this region (Dickman et al. 1992).
Chapter 4
Physical Properties of the Gem OBl Cloud
Complex
The preceding chapter argued based on the morphology and kinematics of the
molecular gas that much of the current structure of the Gem OBI cloud complex
can be attributed to the interactions of massive stars with the ambient molecular
material. In this chapter, it is demonstrated that the physical properties of the
molecular gas are quantitatively consistent with this conjecture. The discussion
begins with an overview of the global properties (kinetic temperatures and column
densities) of the molecular gas in regions with and without massive star formation,
followed by a more detailed discussion of the molecular gas in the swept up regions
described in Chapter 3. An analysis of the global dynamics of the Gem OBI
complex is then considered to determine if the energy injected into the molecular
gas from stellar winds and expanding H II regions is sufficient to disperse the
Gem OBI complex as a whole. Finally, a discussion on the possible implications
for the three dimensional structure of the molecular gas inferred from the
ubiquitous presence of rings and arc-shaped structures is presented.
The analysis of the gas properties will be conducted both for the cloud
complex has a whole and for 7 subregions within the cloud complex. The location
and extent of these subregions are summarized in Table 4.1 and shown graphically
in Figure 4.1. Included in Table 4.1 are the center coordinates of the subrcgion
and the size in both arc minutes and parsecs for a distance of 2.0 kpc. These
subregions differ dramatically in terms of their star formation characteristics.
Subregions 1, 2, and 3 are each associated with optical II II regions, and of the
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Table 4.1. Subregions within Gem OBI
Region a 6 Map Size
([a X 6) Comments
(1950) (arcmin) (pc)
1 6^06'"55" 21°39'43" 63 X 55 37 X 32 Sh 247
2 20°28'34" 68 X 47 39 X 27 Sh 252
3 ghjQmjgs 17°47'27" 93 X 59 53 X 34 Sh 254-258
4 18° 50' 13" 68 X 43 39 X 14 Arc
5 6^02'"58' 17°51'38" 34 X 43 20 X 25
6 ghQQmjQS 16°50'57" 63 X 63 37 X 37 HD 250550
7 6*^10'"00^ 16°18'18" 51 X 45 30 X 26
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Figure 4.1. Location and sizes of the designated subregions witliin the Gem OBI
molecular cloud complex. The numbers next to each box correspond to the entries
in Table 4.1.
35
remaining 4 subregions, only subregion 6 contains an optically recognizable star
forming region, the Herbig Ae/Be star HD 250550. The designation of subregions
within the Gem OBl cloud complex was motivated by the clear enhancement of
^^CO emission (i.e., column density) and are not intended to represent a
systematic reduction of the Gem OBl cloud complex into individual "clouds" since
the ^^CO emission indicates that many of these subregions are connected together
by diffuse molecular gas.
4.1 Kinetic Temperatures
The ^^CO antenna temperature directly measures the gas kinetic temperature
assuming that the emission is optically thick and thermalized. The ratio of ^^CO
to I^CO emission ranges from 2-5 toward the brightest regions and systematically
decreases to ~10-20 toward the low intensity emission. This intensity ratio is
significantly lower than the implied ^^CO to '^CO ratio from optically thin tracers
of ~50-60 (Langer k Penzias 1990), and indicates that the ^^CO emission is
undoubtedly optically thick wherever ^^CO is detected. To estimate the optical
depth of the ^^CO emission towards lines of sight without detectable ^^CO, the
spectra in a 1° x 1° box near [a, 6) = (5^56m, 21° 30' ) were averaged together to
improve the signal to noise. In this region, the ratio of ^^CO to ^^CO peak antenna
temperatures is 12.2±0.3 and the ratio of integrated intensities 19.3±0.6. Thus
^^CO is likely optically thick towards most lines of sight in the Gem OBl cloud
complex. Assuming that the excitation temperatures of the ^^CO and ^^CO lines
are equal, this intensity ratio indicates that even lines of sight with only ^^00
detections likely have optical depths of ~5 assuming an abundance ratio of '^CO
to ^^CO of ~50-60 (Langer h Penzias 1990). This represents a lower limit to the
^•^CO opacity since the ^'^CO emission most likely has a lower excitation
temperature relative to '^CO. Finally, radiation transfer models indicate that the
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^^CO emission should be close to thermalization based on the column density of
material implied by a signal at the detection threshold (Kutner k Leung 1985;
Lee 1992).
The excitation temperatures were calculated following the prescription
outlined by Dickman (1978) and assuming that the temperature of the background
radiation field is 2.7 K. Figure 4.2 displays histograms of the derived excitation
temperatures toward the Gem OBI complex as a whole and for each of the
subregions listed in Table 4.1 using only lines of sight with at least a ba '^CO
detection. Most lines of sight in each of the subregions have excitation
temperatures between ~6-8K. While the peak in the distribution of excitation
temperatures is partly a result of the noise in the data - lower excitation lines will
not be detected in this survey - the lack of high excitation lines of sight indicates
the bulk of the molecular gas is relatively cold even after allowing for reasonable
levels of subthermal excitation (Lee 1992). In fact, given that the intrinsic
uncertainty in the derived excitation temperatures are ~0.6K from the noise in
the *^C0 spectra, there is little evidence to suggest that substantial amounts of
molecular gas with kinetic temperatures > lOK exists in subregions 4-7 - regions
that contain little if any massive star formation. This is consistent with the kinetic
temperatures inferred in regions toward other molecular cloud complexes without
massive star formation at similar galactic radii (Mead & Kutner 1988; Lee 1992),
and with the kinetic temperatures expected with gas heating by cosmic rays
(Lee 1992). The regions with excitation temperatures in excess of ~10K are
peculiar to subregions 1-3, and these regions must contain additional heating
sources for the molecular gas. Figure 4.3 shows the spatial distribution of lines of
sight with excitation temperatures > 10 K. As indicated in Figure 3.1 and shown
in Chapter 5, nearly all of these regions are found adjacent to optical H II regions
and have embedded luminous stars (Chapter 5). Clearly the high excitation and
37
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Figure 4.2. Frequency distribution of the ^^CO excitation temperature for the 7
subregions and the entire Gem OBI cloud complex.
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Figure 4.3. Location of regions with ^^CO excitation temperatures > 10 K.
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kinetic temperatures in subregions 1-3 are a result of the enlianced interstellar
radiation field from the OB stars in the optical H II regions and embedded stars.
4.2 Column Densities
The H2 column densities were estimated from the ^^CO and ^^CO data using
the standard LTE analysis (Dickman 1978), which assumes that the ^^CO emission
is optically thick and that the ^^CO and ^^CO lines have the same excitation
temperatures. To estimate the likely opacity of the ^^CO emission where not ^^CO
emission was detected, a Large Velocity Gradient (LVG; Goldreich k Kwan 1974)
model was used to solve the equation of radiative transfer for a range of volume
and column densities. Figure 4.4 shows the variation of ^^CO and '^CO peak
antenna temperatures with column density assuming a ^^CO to H2 abundance of
1 X 10-'*, a ^^00 to ^^CO abundance ratio of 50, and a kinetic temperature of 8K.
For a line width of 3 kms-\ the 3<t detection level for ^^CO is Tr* ~0.4K. The
maximum column density where only ^^CO is detected given the noise level in the
images presented here is ~10^^ cm'^ over the H2 volume density range of
lOO-lOOO cm"^. The opacity of the ^2CO(J=1-0) transition for this column density
based on these models is ~10 (see Figure 4.5, which is consistent with the ^^00
opacity derived from the ^^00 to ^^00 intensity ratio described above. Therefore,
to obtain a rough upper limit to the column density of gas along lines of sight with
only ^^CO detections, the H2 column densities will be calculated assuming that the
^^CO opacity is 10 and that the excitation temperature is 7K (see Figure 4.2).
These lines of sight with only ^^CO emission contain ~55% of the total '^CO
emission, and an estimated 28% of the total mass of the Gem OBI cloud complex.
An additional source of systematic error in deriving the column densities is that
the LTE analysis tends to underestimate the column density in low volume density
regions where the '^CO excitation temperature drops below that of *^C0 (Kutner
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Figure 4.4. Variation of the ^^CO and ^^CO antenna temperature computed using
the LVG approximation as a function of H2 column density for various volume
densities. The dotted line shows the estimated 3cr detection level for ^^CO. For
a given column density, the lowest antenna temperature corresponds to the lowest
density shown.
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Figure 4.5. Variation of the line center *^C0 optical depth computed using the LVG
approximation as a function of H2 column density.
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k Leung 1985; Lee 1992). In the density range of 300-1000 cm-^ the derived LTE
column densities underestimate the actual column densities by a factor of 2-3.
Figure 4.6 graphically represents the frequency distribution of column densities
for the subregions and the Gem OBI complex as a whole. The histogram in each
panel represents the total column density in the Gem OBI image a^ a function
of column density normalized to 1.0 for the peak bin. The dashed line shows the
cumulative distribution of column densities normalized by the total column density
of the respective subregion. Various statistical properties obtained from these data
are summarized in Table 4.2 for the 7 subregions and the Gem OBI cloud complex
as a whole. The statistics in Table 4.2 include the average column density toward
lines of sight with a ^^CO detection, the column density representing the 50% level
in the cumulative distribution, and the fraction, fjs, of the total mass contained in
lines of sight with N(H2) > 10^^ ^,^^-2 Additional properties of these regions will
be presented later in this chapter.
The estimated column densities range from 1.2 x 10^° cm'^ to 7 x 10^^ cm'^
averaged over a 50" region. The column density distributions differ among the
subregions in an analogous manner as the kinetic temperatures. The four
subregions without massive star formation have average column densities of
~ 1.0-1.5 x 10^^ cm~^ with a dispersion in the column density distribution of
~1.0 X 10^' cm~^. Very few lines of sight have column densities in excess of
10'^'^ cm~'^, as at least 96% of the mass in these four subregions are contained in
relatively low column density gas. In contrast, the three subregions with massive
stars have between 15-39% of the total mass within high column density lines of
sight. Figure 4.7 shows a grey scale image of the spatial distribution of lines of
sight with column densities exceeding 10^^ cm~^. Similar to the spatial distribution
of kinetic temperatures, the high column density regions are found along the edges
of the optical H II regions and toward known embedded star forming regions.
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Figure 4.6. Frequency distribution of the H2 column density for the 7 subregions
and for the entire Gem OBI cloud complex. The histogram in each panel shows the
total column density within each column density bin normalized such that the peak
is 1.0, and the dashed line shows the cumulative distribution of column densities
normalized by the total column density in the subregion.
Table 4.2. Molecular Properties of Gem OBI: Column Densiti
Subregion N(H2) f bJ22 Comments
(/ 10^^ cm~^)
1 2.0 4.5 23 Sh 247
2 2.8 6.6 39 Sh 252
3 1.6 3.2 15 Sh 254-258
4 1.4 2.4 3 Arc
5 1.3 1.9 0
6 1.1 1.5 1 HD 250550
7 1.2 1.8 0
Gem OBI 0.9 1.8 11
a - 50% point in cumulative N(H2) distribution
b - Percent fraction of mass contained in N(H2) > 10^^ cm"
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Figure 4.7. Spatial distribution of column densities in excess of N(H2) = 10^^ cm ^
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4.3 Energetics
The above analysis showed that in terms of volume and mass, most of the
detected molecular gas in the Gem OBl cloud complex has column densities of
-1-3 X 1021 and kinetic temperatures ^8-lOK. Regions with comparatively higher
column densities and kinetic temperatures occupy regions primarily around the
optical H II regions and other signposts of star formation (see Chapter 5). The
question remains, however, if these physical properties resulted from the
interaction of star formation with the molecular ga^, or star formation occurred
because high column density material happened to exists in that particular region.
Based on the morphology of the ^^CO and ^^CO maps, it was argued in Chapter 3
that several of the optical H II regions have created cavities in the molecular gas,
with high column density molecular existing on the periphery of the optical
nebula. The following discussion examines the properties of the molecular gas in
these rings more critically to determine whether or not these structures could have
been created from the expansion of H II regions and wind-blown bubbles.
The H II regions Sh 247, Sh 252, and Sh 254 have the strongest morphological
evidence suggestive of an interaction between the H II regions/stellar winds and
the ambient molecular material. To compare the properties of the molecular gas
within and away from these bright rims, the average column density, kinetic
temperature, and ^'^CO line width were computed in a series of concentric annuli
around these regions. The center of the rings around Sh 247 and Sh 254 correspond
to the center of the optical nebula, while the adopted center for Sh 252 is the
center implied by the curvature of the bright arc of emission on the western edge
of the H II region. The adopted center position is not coincident with the exciting
star for Sh 252, and was chosen to prevent smearing the properties of the ridge in
radius. Furthermore, the molecular gas properties were only calculated within the
position angles defined by where the molecular gas actually outlines the H II
47
region, since the specific interest is to study the properties of molecular ga. around
ionization bounded 11 II regions.
Figure 4.8 shows the radial properties of the molecular gas around the H II
regions. The ^^CO line widths for each line of sight were computed as
AV,3 = - ^^^^^
1.06TJi(Peak)'
where AV13 is the full width at half maximum of a gaussian shaped line with the
integrated intensity / TJ^dv, and T^(PEAK) is the peak line intensity. Gaussian
line profiles are a reasonable approximation except toward Sh 247, where often two
or more distinct features are observed. With the exception of Sh 247, the centroid
velocity varies little with radius and is not shown in these figures. The most
marked change in the gas properties is the order of magnitude increase in the
column density at the interfaces with the H II regions. The kinetic temperature
typically shows a enhancement of a factor of 2-3, and the line widths increase by a
factor of 2. These latter two properties exhibit a more gradual decline with radius
than the column density.
These properties can be compared with the models for wind-blown bubbles
(Weaver et al. 1977) and ionization created bubbles (Spitzer 1978; Elmegreen k
Lada 1977), particularly for Sh 252 since the properties of the H II and exciting
star are known. The exciting star for Sh 252 is a 06.5 star with an inferred age of
2 Myr from the associated cluster (Grasdalen k Carrasco 1975). The size of the
H II region is ~30' x 25', corresponding to 17 pc x 15 pc. The projected distance
between the ionizing star and the bright rim is ~8.4 pc. For a wind power of
10^^ ergs s~' (Abbot 1982) and an ambient molecular density of lO'^cm"'', the
theoretical radius and expansion velocity for the wind blown bubble are 7 pc and
1 kms~^ respectively. The column density through the shell is ~10 x 10^' cm~^,
with a volume density of ~5 x lO'^cm"''. For a bubble created through the
expansion of an H II region, the expected size is ~6.5 pc with a shock velocity of
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Figure 4.8. Variation in the kinetic temperature, H2 column density, and ^^CO line
width across the bright rims in Sh 247, Sh 252, and Sh 254. For Sh 247 and Sh 254,
a radius of zero corresponds the center of the H II region, while for Sh 252, zero
corresponds to the center of curvature of the arc.
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2.5 kms-\ The column density through the shell is ~20 x 10^^ cm-^. The
thickness of the shell is
-0.1 pc, and at a radius of 7.3 pc and a time of 2.3 Myr,
an instability will form in the shell and possibly lead to star formation (Elmegreen
k Lada 1977). These theoretical predictions agree remarkably well with the
observed properties of Sh252, providing compelling evidence that the bright
molecular rim around Sh 252 indeed represents a bubble created by the central
ionizing star (see also Lada & Wooden 1979).
A similar analysis cannot be directly applied to Sh247 and Sh254 since the
ages of the stars are not known. Nonetheless, the mass of the molecular gas
around the optical H II regions can be compared with that from a swept up shell
given the observed ambient column density and the diameter of the H II regions.
For Sh 254, using the ambient column density of 5 x 10^^ cm'^ inferred from
Figure 4.8, the expected swept up mass is within a factor of two of the observed
molecular mass in the ridge. For Sh 247, with an estimate ambient column density
of 3 X lO^i cm
,
the total expected mass in the swept up ridge is ~400 M©, which
is a factor of 4 lower than the observed mass. This may indicate that the ambient
column density was higher than assumed.
While the other arc-shaped structures in Gem OBI do not have obvious
optical counterparts, the inferred kinetic energies place constraints on the
phenomena that can produces these features. The ring near Sh 252 with an
expansion velocity of 2.25 kms~^ (see Figure 3.7 ) has a mass of ~1.5 x 10^ M©
and a dynamical time scale of 2 Myr, which implies a kinetic energy of 10'*'^ ergs
and a mechanical power of —lO"^^ ergs s~^. One possible mechanism consistent
with this energy requirement and that will naturally produce the expansion
motions observed toward this ring is stellar winds from a late B or early A type
star (Bally h Lada 1983). The other two large rings near Sh 252 have kinetic
energies of ~4-8 x 10"*^ ergs for an assumed expansion velocity of 2 kms~^
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Similarly, the large loop running from BFS 52 down to Sh 254-258 has a ma^s of
-^2 X 10^ and an estimated expansion velocity of ~3 kms"^ from the observed
velocity gradient, implying a kinetic energy of 2 x 10^^ ergs. Thus the kinetic
energies for these structures are not formidable, and can be supplied by stellar
winds from moderate mass stars.
Finally, the energetics for the possible large arc of molecular gas along the
western of the Gem OBI cloud complex are examined. This arc contains
-3.6 X 10' Mq of molecular gas. The 2 kms"^ velocity gradient along the arc
represents a lower limit to the expansion velocity since the motion may possibly be
mostly tangential to the line of sight. Thus a lower limit to the kinetic energy is
^6 x 10^8 ergs. It is unlikely the 06.5 star in Sh252 could provide this energy
since it remains embedded in a molecular cloud. Rather, the curvature of the arc
suggests that the collective winds/supernova from the Gem OBI association itself
have created this shell. The energy amounts to ~1% of the mechanical luminosity
of a typical OB association over its lifetime (Abbot 1982), so the energy
requirements are not severe. It is unclear, however, if the molecular gas itself was
swept up or if the molecular hydrogen formed in an expanding shell of atomic
hydrogen, as the time scale for the formation of atomic gas in the shell (~10^
years; McCray k Kafatos 1987), the formation time of ^^CO (~10^ years; Graedel,
Langer, k Frerking 1982). In either case, the stellar winds generate the large
turbulent motions observed in the molecular gas.
4.4 Virial Analysis
The above analysis showed that the energy injected into the molecular gas
from the OB stars can account for many of the observed arc shaped structures in
the Gem OBI cloud complex. To determine if this energy is sufficient to disrupt
the molecular gas and to make clouds gravitationally unbound, the kinetic and
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potential energies of the molecular ga. have been calculated for both the
designated subregions and the Gem OBI cloud complex as a whole. Considering
for the moment only gravitational forces, the condition for virial equilibrium is that
2T
where 7 will be referred to as the virial parameter, T is the kinetic energy, and W
the gravitational potential. If 7 > 1, the system is expanding, and if 7 < 1.0,
collapsing. Since magnetic fields and external pressures are ignored, and the
Gem OBI complex is clearly not in any equilibrium state, 7 more accurately
measures the importance of self-gravity in the dynamical evolution of the cloud
complex.
To estimate the kinetic and potential energies, each line of sight in the
molecular line maps were treated as a point mass. The kinetic energy and
gravitational potential can then be calculated as a discrete sum over the individual
pixels as
and
In these equations, G is the gravitational constant, the quadrature sum of the
average line width along the line of sight and the centroid velocity dispersion and
is assumed to be isotropic, m, the mass along a line of sight, and |r,- — rj\ the
projected distance between any two points in the map. The masses include a
factor of 1.36 to account for helium. The ^^CO instead of the ^^CO line width was
used in these calculations to be consistent with the LTE analysis. Since the line of
sight depth between the various regions is unknown, the absolute value of the
gravitational potential is overestimated, and hence, the virial parameter is
systematically underestimated within the confines of the other assumptions. This
in
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procedure wa. tested on a model cloud with a spherical, uniform density
distribution in virial equilibrium; i. e., 7 = 1 . The value of 7 obtained from the two
dimensional distribution of column density is 0.67. The results of the virial
analysis for the subregions and the Gem OBI cloud complex are summarized
Table 4.3. Included in the table are the LTE masses, the ^^CO luminosity, the
ratio of to luminosity, the average ^^CO and ^^CO line widths, the
dispersion in the centroid velocity, and the virial parameter, 7. The relative values
of 7 should be considerably more accurate than the absolute values. For example,
the absolute value of 7 is inversely proportional to the ^^CO to H2 abundance,
which in turn is uncertain by ~50%.
While the values of 7 reported in Table 4.2 are strictly lower limits, the model
of a spherical cloud suggests that the actual values of 7 may be no larger than by
~50%. Given the uncertainties in both the potential kinetic energy calculations,
the fact that 7 is within a factor of ~2 of unity for each of the subregions and the
Gem OBI complex as a whole suggests that self-gravity remains important in the
evolution in each of these regions, and that the rate of star formation has not been
sufficient to disperse the complex as a whole.
4.5 Arcs, Loops, and Rings
The prevalence of ring-like structures throughout Gem OBI has interesting
consequences for the structure of molecular cloud complexes if these structures
formed from an expanding H II region or a stellar wind. Intuitively, however, one
would expect the ambient molecular material to be swept into a shell of gas under
such circumstances for expansion into a spherical distribution of matter, yet ring
structures are more commonly observed. While the shell might appear as a ring
due to limb brightening for an optically thin species such as ^^CO, an optically
thick transition such as ^^CO(J=1-0) should show a disk of emission since it only
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Table 4.3. Molecular Properties of Gem OBI: Masses and Luminosities
Subregion Mlte
(Mo)
Ll2 Ll2 / Ll3 AVi3 AVc 7^ Comments
(K kms-^ pc2) (kms
1 3.9x10'' 1.3x10" 7.2 1.5 4.5 2.1 Sh 247
2 5.8x10" 1.7x10" 6.5 1.5 1.6 0.7 Sh 252
3 5.1x10" 1.6x10" 7.1 1.2 2.8 1.0 Sh 254-258
4 2.5x10" 8.5x10^ 8.4 1.5 2.0 1.5 Arc
5 1.1x10" 4.4x10^ 9.3 1.3 3.1 2.7
6 2.4x10" 9.8x10^ 10.3 1.1 2.4 1.2 HD 250550
7 1.5x10" 5.7x10^ 7.8 1.1 2.1 1.5
Gem OBI 3.9x10^ 1.6x10^ 11.1 1.2 7.1 2.0
a - 7 = -2T / W
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traces to an optical depth of r
-1.0. However, many of the ring like structures
persist even in the ^^CO images. There are three models for these rings. First, the
shell may be thin and ^^CO may indeed be optically thin over the face of the shell
and only thick toward the limb brightened edges. While this may be possible for
the three rings near Sh 252, this cannot be true for Sh 252 itself since ^^CO
emission is detected across the face of the nebula. A second possibility is that the
ambient medium was not spherical at the time of expansion, but was oblate.
Finally, as a variant to the limb brightened shell model, the medium may be
clumpy and optically thin in terms of the number of clumps. Each of these
possibilities is discussed in more detail below, and in particular, it is demonstrated
that a uniform density shell cannot account for both the observed ^^CO and ^^CO
emission in these rings.
The limb-brightened shell model can be tested using the ^^CO and ^^CO data.
This analysis will be done primarily on the ring described in Figure 3.7 since it has
the clearest evidence for expansion. The properties of this ring are as follows:
R ~ 4.5 pc,
TJ,(i2C0)(center) ~ 0.6 K,
T^(^3co)(center) < 0.2 K,
T*F,(^2C0)(edge) ~ 4.3 K,
I^(^3co)(edge) ~ 0.9 K,
N(H2) ~ 1.7 X W^cm-\
and
M ~ 1.5 X lO^M©,
where R is that radius of the ring, M the mass in the ring, and N{H2) the average
column density along the edge of the ring. The observed thickness of the ring is
~1.4 pc, although this represents an upper limit of the shell thickness. The limits
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on the peak ^3C0 antenna temperature mean that the
-CO emission can be thick
or thin. While the average column density on the ring center is -1.7 x 10^' cm'^,
the ring is rather patchy as the peak column density is -8.0 x lO^^ cm'^.
To explore the parameter space for the limb brightened shells, the column
density required to produce a ^CO antenna temperature of 0.65K was computed
using a LVG radiative transfer model for various volume densities. Once this
column density is determined, all of the other parameters of the shell - thickness,
maximum projected column density, and ma^s - can be easily computed. Table 4.4
summarizes the results of this analysis.
As indicated in Table 4.4, the observed antenna temperature toward the center
of the ring places a severe constraint on possible densities. Models with volume
densities in excess of -100 cm-^ have shell masses 1-3 orders of magnitude less
than observed with shell thicknesses in clear contradiction to the observations. On
the other hand, volume densities lower than ^10 cm-^ require a shell thickness
larger than the diameter of the observed ring and are unphysical. Models with
volume densities of ~40 cm'^ have masses, shell thicknesses, and column densities
in rough agreement with the observations, but both the predicted ^CO and ^^CO
antenna temperatures along the edge of the ring are significantly lower than the
observed values. Thus this ring, and the others like it, cannot be shells with a
uniform distribution of molecular gas.
The alternative solutions are that the molecular gas in the shells is clumpy and
the clumps do not shadow each other (i.e., the distribution of clumps are optically
thin), or that the molecular gas is oblate. The first alternative is plausible based
on the success of the clumpy cloud model in explaining the various other
properties of molecular clouds (see Chapter 1). In this model, the density of the
clumps must exceed lO"^ cm"^ in order to achieve the necessary excitation of the
^^CO and '^CO lines (see Table 4.4). The oblate picture of molecular clouds is not
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Table 4.4. Shell Models
(1)
A^(//2)o
(2)
t
(3) (4)
Ms
(5)
Tr(^^CO)
(6) (7)
10 0.6 20
30 0.3 3.5 1.0 1900 1.5 0.05
40 0.25 2.0 1.0 1400 1.7 0.07
50 0.2 1.3 1.1 880 2.0 0.09
100 0.1 0.3 1.0 540 2.5 0.2
300 0.04 0.04 1.1 200 3.8 0.4
1000 0.01 0.005 1.3 85 4.5 1.0
(\) - H2 volume density (cm~^)
h) - H2 column density through center of shell (/ 10^' cm"'^)
(3) - Thickness of the shell (parsecs)
U) - Maximum H2 column density in shell (/ 10'^^ cm~^)
(5) - Mass of the shell (M©)
(6) - Predicted T^ (K) for ^2CO(J=1-0) toward outer edge of shell
(7) - Predicted T^^ (K) for '^CO{J= \-0) toward outer edge of shell
without precedence, either, however. Maddalena & Morris (1987) found a ring of
clumps around A Ori and suggested that the molecular cloud w.s initially oblate,
and that the expansion ha^ broken through the minor axis of the cloud. The
details of this scenario are difficult to model analytically since the breakout will
add additional forces to the expansion motion (i.e., the "rocket" effect) and will
obviously not be uniform throughout the ring. Heyer et al. (1992) found a partial
a shell of expanding molecular gas in the Orion A molecular cloud complex and
also suggested a planar geometry as a possible solution. If molecular clouds are
indeed oblate, the observed rings places a constraint the thickness of the cloud.
The observed rings near Sh 252, for example, places a conservative upper limit to
the cloud thickness of ~10 pc (i.e., the diameter of the rings). The molecular gas
in this region extends for -1°
,
implying a lower limit to the major to minor axis
ratio of ~3.5.
Chapter 5
Dense Molecular Cores and Star Forming
Regions
5.1 Large Scale Distribution of Dense Cores
With a general understanding of the global structure of the Gem OBI cloud
complex and a rudimentary idea of how these structures formed, the remainder of
this thesis focuses on determining where stars are forming in the Gem OBI cloud
complex and how the distribution of star forming sites correlates with the cloud
structure. Since star formation appears to occur predominantly, if not exclusively,
in dense "cores" of molecular gas, this task began by conducting a survey for dense
cores in the Gem OBI cloud complex by mapping regions with extended, bright
^^00 emission in OS. The mapped regions are summarized in Table 5.1 and shown
graphically in Figure 5.1. Of the nine large regions mapped, CS emission was
detected in 5 areas: near the optical H II regions Sh 247, Sh 252, Sh 254-258, and
BFS 52, and an IRAS point source near the large arc on the western edge of the
Gem OBI cloud complex. Figure 5.2 shows contour maps of the integrated CS
emission overlayed on Palomar Sky Survey prints of these five areas. The surveyed
regions toward IRAS 05553+1631, the semi-circle of gas toward the southeast
corner of Gem OBI, a patch of gas in the southwest corner of Gem OBI, and a
portion of the arc along the western edge of Gem OBI showed no detectable CS
emission at the 3cr noise level.
The Sh 247 region contains five CS cores. The two strongest emitting cores are
found adjacent to Sh 247, with a third core ~10' north, and the other two cores are
found along a filament further east (see also Figure 3.2 on page 15). Each of these
cores are elongated along the direction of the filament of gas. In the Sh 252 region.
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Table 5.1. Large Scale Regions Mapped in CS(J=2-1)
Region Central position (1950) Map Size {a x 6) Comments
S (arcmin) (parsecs)
1 06''06'"57^ +21° 35' 54 X 49 31 X 29 Sh247
2 06^06'"48* +20° 31' 83 X 40 48 X 23 Sh252
3 06^10'"27' + 17° 58' 83 X 40 48 X 23 Sh 254-258
4 06hijm23s + 19° 11' 37 X 25 22 X 15 BFS 52
5 06*'10'"37^ +16° 16' 41 X 35 24 X 20
6 05^55'"43" + 16° 19' 33 X 40 19 X 23 IRAS 05553+1631
7 05^59'"57* + 16° 48' 24 X 30 14 X 18 HD 250550
8 05**57'"00' +18° 52' 43 X 31 25 X 18 Arc
9 05^55'"46^ +20° 13' 24 X 20 14 X 12
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Figure 5.1. Location and sizes of the regions mapped in CS(J=2-1). The numbers
correspond to the entries in Table 5.1.
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the strongest CS emission occurs along the western edge of the H II region. A
second emission peak is found -10' further south. While this peak shall is
identified as a separate core, it can be equally considered as part of the stronger
emitting core above (see Figure 5.2). The strongest emission core in the
Sh 254-258 region is located between the H II regions Sh 255 and Sh257. A second
core was detected along the southern edge of Sh 254 near Sh 256, and two
additional cores were detected southeast of Sh258. Near BFS 52, CS emission was
detected offset from the optical H II region by a few arc minutes. Finally, CS
emission was detected near an IRAS source near the western edge of the Gem OBI
cloud complex.
Table 5.2a summarizes the properties of the CS cores found in the large scale
surveys. The table lists the region the core is near, approximate coordinates, an
estimated core mass, and any associated IRAS source. The core masses were
calculated assuming that the CS emission is optically thin with an abundance
relative to molecular hydrogen of 4 x 10"^ (Irvine, Goldsmith, k Hjalmarson 1987)
and an excitation temperature equal to that inferred from the ^^CO data. The
derived core masses found in the large scale surveys range between 40 M© to
2600 Mq. Because of the optically thin assumption, the core masses are likely
underestimated.
While Gem OBI has not been completely mapped in CS, it is very unlikely
that any cores more massive than ^100 Mq have been missed since all of the
detected massive cores are found toward lines of sight with column densities in
excess of ^15 x 10"^^ cm~'^, and with the exception of one region southeast of
Sh 252, all such regions have been covered in the large scale surveys. The CS
observations of individual IRAS point sources support this assertion (see below).
Of the 13 dense cores found in the large scale surveys, 11 of them occur either
adjacent to H II regions (cores 2, 3, 7, 8, and 9), at the apparent intersection of
Table 5.2. Dense Cores in Gem OBI
ID Region a 6 iviass TR A C
1950 (Mo)
a) Large Scale Survey
1 Sh 247 06*»06'"13^ 21°52' 330 06061+2151
2 Sh 247 06^06^00^ 21°30' 730 06058+2138
3 Sh 247 06^05'"46^ 2r32' 560 06056+2131
4 Sh 247 06^06'"53^ 21°39' 360 06067+2138
5 Sh 247 06^06'"59^ 21°43' 157 06069+2142
6 Sh 252 06^04'"45^ 20°40' 140 06047+2040
7 Sh 252 06^05'"40' 20°38' 2600 06055+2039
8 Sh 252 06^05'"53^ 20°30' 240
9 Sh 254-258 Oe^lO'^OO' 18°00' 1100 06099+1800
10 Sh 254-258 oe^io'^se^ 17°55' 357
11 Sh 254-258 06^ 11 '"29^ 17M5' 540 06114+1745
12 BFS 52 06^12'"08' 19°03' 130
13 05554+2013 05^55*" 15^ 20° 13' 40 05554+2013
b) Pointed Observations
14 Sh 252 06*'06'"20^ 20M0' 60 06063+2040
15 05553+1631 05^55'^20^ 16°21' 30 05553+1631
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two of more filaments (cores 1, 4, and 5), or along a filament that likely represents
swept up molecular gas (cores 10, 11, and 12). Only cores 6 and 13 do not
obviously fall into these morphological classifications, although core 6 is still found
along a filament of molecular gas. These latter two cores represent two of three
least massive cores found in the survey. Also note that the four most massive cores
are found adjacent to optical H II regions.
A LVG radiative transfer code was used to estimate the mass completeness
limit of the CS survey. Figure 5.3 shows the CS(J=2-1) integrated intensity as a
function of column density for a kinetic temperatures of 8K and volume densities
between 3 x 10^ cm'^ and 1 x 10^ cm'^. The dashed line shows the 3(7 detection
limit of the large scale surveys. These calculations assumed a line width (full
width at half maximum) of 2 kms"^ and a CS abundance relative to H2 of
4 X 10-^ (Irvine, Goldsmith, k Hjalmarson et al. 1987). For volume densities
greater than 10'' cm~^, the survey was sensitive to core masses in excess of 70 M©
per pixel. If the volume densities of the cores are typically ~3 x lO^cm"^, then
conceivably a core mass of 200 M© with a column density of 2.5 x 10^^ cm'^ could
have escaped detection. However, any such lines of sight contain lower volume
densities than what is typically defined as dense cores (Benson & Myers 1989).
Furthermore, the predicted i2CO(J=l-0) and ^^CO(J=1-0) transitions are both
optically thick and thermalized with an antenna temperature of 4.4 K for this
volume and column density. The only lines of sight that have these line strengths
are near the cores that were detected in the large scale surveys. It seems unlikely,
then, that the large scale CS survey missed any dense cores with volume densities
in excess of ~3 x lO^cm"'^ and masses ^100 M©, and that the tendency for the
more massive cores to be located near the optical H II regions is real.
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Figure 5.3. Variation of the observed CS(J=2-1) integrated intensity computed
using the LVG approximation for various H2 volume and column densities for a
fixed kinetic temperature of 8 K. The bottom abscissa shows the variation of H2
column density, while the top abscissa shows the corresponding mass within a 52"
beam. The dotted line shows the 3<t detection level of the large scale CS surveys.
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5.2 IRAS Point Sources in Gem OBl
5.2.1 Candidate Star Forming Regions
The IRAS far-infrared survey provides a powerful tool to locate star forming
regions within molecular clouds complexes, as young embedded stars have
far-infrared colors distinct from many other sources (see, e.g., Walker et al. 1989).
Accordingly, the IRAS Point Source Catalog (1988) was used to identify
far-infrared sources with colors characteristic of young stellar objects that lie
within the boundaries of the ^^CO map of the Gem OBI cloud complex, and to
then correlate the properties of the IRAS sources with the distribution of dense
cores. The left panel in Figure 5.4 shows a far-infrared color-color diagram for the
60 IRAS sources in the Gem OBI cloud complex that have detections at 25 and
60 and a minimum 60 fim flux density of Seo = 3.0 Jy. The IRAS point sources
associated with the Herbig Ae/Be star LkHa208 and the H II region Sh259 have
been omitted since these sources are not related to the Gem OBI cloud complex
(Appendix A). The solid squares in Figure 5.4 represent IRAS point sources with
positive detections at 12, 25, and 60 //m, while open squares represent sources with
upper limit 12 fim fluxes. The right panel in Figure 5.4 shows the corresponding
color-color diagram for T Tauri stars (Strom et al. 1989), Herbig Ae/Be stars
(Hillenbrand et al. 1992), and ultracompact H II regions (Wood k
Churchwell 1989). This comparison sample have far-infrared colors of a(25 - 12) =
Logio (S^(25//m) / S^(12/xm)) ^0.0 and a(60 - 25) = Logio (S^(60/zm) /
Si.(25/zm)) ^-0.4. All but two of the IRAS point sources in the Gem OBI sample
are consistent with these colors, although the Gem OBI sources tend to be redder
in the a(60 — 25) index than the T Tauri stars and many Ae/Be stars, and are on
average bluer in the a(25 — 12) index than the ultracompact H II regions. The two
sources shown in the left panel of Figure 5.4 with blue colors are associated with a
carbon star and a MI supergiant, and were removed from the sample.
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The largest potential contamination to this IRAS selected sample of candidate
embedded star forming regions likely comes from galaxies and galactic cirrus
clouds. To statistically determine the potential number of galaxies bright enough
at 60 fim to satisfy the adopted IRAS source selection criteria, the fluxes and
colors of the IRAS sources toward the region centered on the galactic longitude of
193° (the same as Gem OBI) and latitude of 2r with an equivalent area to the
^^CO map of the Gem OBI cloud complex were examined. Of the 91 IRAS point
sources in this control region, none had a flux density at 60 fim in excess of 3 Jy,
and therefore any contamination from galaxies in the IRAS point sources selected
in the Gem OBI complex is likely to be small. Furthermore, the requirement of a
detection at 25 ^m and 60 /zm excludes most cirrus type objects from appearing in
this sample (Hacking k Houck 1987). Thus significant contamination from other
sources is very unlikely, and most of the IRAS point sources with red colors shown
in the right hand panel of Figure 5.4 are likely star forming regions.
Table 5.3 summarizes the properties of the 58 IRAS sources comprising the
sample of candidate star forming regions. Column 1 lists the IRAS point source
name, columns 2-5 the observed 12, 25, 60, and 100 //m flux densities, and column
6 the estimated far-infrared luminosity (Lfir). The far-infrared luminosities were
obtained by summing the luminosities in the 12, 25, and 60 /zm band passes.
Explicitly,
L™ = 0.304(^)V(»l)f^ Lo
where D is the distance to the source, BW the IRAS band width, S^ the observed
flux density, and the sum extends over the 12, 25, and 60 fim bandpasses. The
100 fim fluxes were not used since in many instances the flux was blended with
neighboring sources and thus the 100 ^m luminosities could not be consistently
derived for all sources. In addition, any upper limits to flux densities at 12 //m
were not used. The adopted far-infrared luminosities underestimate the actual
Table 5.3. IRAS Point Sources in Gem OBI
IRAS So.
'-'25
cJ60 c'JlOO
T
A^FIR
Source (Jy) (L©)
05539+2159 0.9 1.4 3.2 5.6 34
05553+1631 <1.3 63.1 420.7 527.5 1700
05554+2013 4.1 34.0 166.8 269.9 820
05561+1804 <0.2 1.0 6.0 8.5 25
05572+2031 0.4 2.0 6.1 6.6 40
05575+2141 <0.2 0.4 6.2 16.6 22
05590+2008 0.4 0.9 5.7 23.0 31
05591+1630 4.5 9.9 7.3 10.6 170
05591+2027 1.1 1.4 14.4 29.4 74
05593+1711 0.4 0.5 4.8 13.1 26
06036+2038 <0.2 0.6 3.4 20.8 14
06038+1820 <0.2 1.0 5.1 6.2 22
06039+1902 <0.4 1.0 12.2 27.3 45
06047+2040 1.6 6.7 48.1 <92.3 220
06049+2051 <0.3 0.4 4.4 <21.3 17
06051+2041 0.6 1.3 10.4 15.1 51
06054+2141 0.9 0.7 9.8 <66.9 52
06055+2137 <0.5 4.4 23.4 <20.7 100
06055+2039 15.6 76.8 1032.0 1715.0 4000
06055+2034 0.9 3.9 73.0 <1715.0 270
06056+1559 0.3 0.4 3.5 15.1 20
06056+1546 <0.3 0.4 3.5 <12.4 14
06056+2131 48.6 241.3 1708.0 2563.0 7800
06058+2138 14.0 140.2 955.5 1666.0 4200
06060+2038 2.3 27.1 112.3 <18.4 570
06060+1655 1.0 1.6 34.5 70.1 140
06061+2151 12.0 144.8 895.6 1130.0 4000
06061+2028 2.0 3.2 48.5 211.4 210
06062+2140 0.8 2.0 4.8 6.1 42
Continued, next page
Table 5.3 (cont.)
TR A Q c S25 Seo Sioo Lfir
Source (Jy) (Ln)
06062+1642 <0.2 i .0 5.8 C 70. i 28
06063+1543 0.4 0.0 <, ly.o on
06063+2040 9.7 79 7 1 1 K7 n ZU40.U 4oUU
06065+2124 1.5 1 .0 1 Q Q 01.
D
lUU
06065+1925 1.0 1 n O.D 9Q 4 ou
06067+2138 <0.3 9^ fiZO.D 00.
1
yo
06067+2055 1.4 1 4 1 A ^14:.
0
9'S 7Q1 y
06068+2030 13.3 38 8 7*^7 ^ 1 1 34 0
06069+2142 7.7 13 9 9n 3 <83 7 9Qn
06071+2018 <0.4 0 6 8 1 <47 6 29
06075+1643 1.3 3.8 43 2 125.0 180
06079+2007 <0.2 0.7 4.7 14.2 19
06083+1936 0.8 0.7 5.6 31.0 36
06085+1633 0.4 0.6 5.9 15.8 30
06087+2040 1.8 1.4 25.1 <107.3 120
06088+1800 0.5 0.6 4.6 <26.7 27
06094+1808 0.6 0.6 6.2 <16.7 34
06096+1757 5.5 13.6 356.4 <5285.0 1300
06099+1800 107.2 371.6 3145.0 5285.0 14000
06100+1946 <0.2 1.0 12.9 25.9 47
06105+1756 8.7 52.2 422.0 642.8 1800
06110+1941 0.7 1.5 4.5 <7.6 36
06110+1632 <0.2 0.8 5.0 5.4 21
06110+1847 1.4 1.0 16.1 68.8 81
06110+1744 <0.2 1.4 4.2 33.9 23
06111+2010 <0.4 1.0 3.7 <10.7 18
06114+1745 13.3 55.2 545.1 704.6 2300
06117+1901 4.7 6.4 60.3 <256.4 320
06128+1901 0.4 1.0 6.8 <19.5 35
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far-infrared luminosities on average by ^60%, ^s judged from sources that do have
100 fivn detections.
Figure 5.5 shows a histogram of the far-infrared luminosities for the 58 IRAS
point sources in the Gem OBI cloud complex. The luminosities range continuously
from 14 Lo to 14,000 Lq. The lack of detected point sources with luminosities <
14 L© represents the IRAS sensitivity limits imposed in selecting these sources.
Thus the far-infrared point source sample for the Gem OBI complex consists
predominantly of objects more luminous than typically found in the Taurus cloud
complex (Beichman, Boulanger, & Moshir 1992), but are representative of sources
found in other massive star forming regions such as Mon OBI (Margulis, Lada, k
Young 1989) and the Rosette (Cox, Deharveng, & Leene 1990).
Eleven IRAS sources have far-infrared luminosities in excess of 1000 Lq. Each
source has been observed previously in the radio continuum with interferometers
(Felli, Habing, k Israel 1977; Turner & Terzian 1985; Cohen, Jones, k
Walker 1989; Carpenter, Snell, k Schloerb 1990; Kurtz, Churchwell, k
Wood 1994), and only IRAS 06058+2138 does not have a positive detection. The
inferred excitation parameters of these radio continuum sources are consistent with
the presence of at least one early B type star. The star inferred from the radio
continuum emission can provide a large fraction of the observed far-infrared
luminosity. Thus most, and possibly all, of the luminous (Lfir > 1000 L©) IRAS
sources found in Gem OBI represent regions of high mass star formation. In
principle some of the lower luminosity IRAS sources could represent high mass
stars as well if the dust surrounding these objects have been destroyed or removed
through the course of the evolution of the star so that the far-infrared luminosity
severely underestimates the bolometric luminosity of the source. Since the
molecular gas nearby these sources generally does not contain the arc shaped
structures found around the optical H II regions, however, the majority of the
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Figure 5.5. A histogram of the far-infrared luminosities of the 58 IRAS point
sources in the Gem OBI cloud complex that have far-infrared colors characteristic
of embedded star forming regions. The turnover at faint luminosities represents the
minimum flux density criteria imposed at 60 fim.
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IRAS point sources with low far-intrared luminosities likely have intrinsically low
bolometric luniinosities. The IRAS sources 06055+2137 and 06054+2141 within
Sh247 and 06039+1902 associated with a Bl emission line star are possible
exceptions.
5.2.2 Spatial Distribution
Figure 5.6 shows the spatial distribution of the IRAS sources listed in
Table 5.3 superimposed on an image of the peak ^2CO(J=1-0) antenna
temperature. The point sources have been arbitrarily divided into two luminosity
bins, those with Lfir < 1000 L© (open squares), and those with Lpm > 1000®
(crosses). Four of the IRAS sources are located several arc minutes away from any
'^CO emission. Of these four sources, one (IRAS 06039+1902) is associated with
the Bl emission line star HD 251726 and the other is found projected against the
optical boundaries of the Sh 261 H II region. The nature of the other two sources
is unclear, but will remain in the sample.
Comparison of the spatial distribution of IRAS sources (Figure 5.6) with the
spatial distribution of dense cores (Figure 5.2) indicates that the signatures of
massive star formation - optical H II regions, luminous far-infrared sources, and
radio continuum emission - are clustered in the Gem OBI cloud complex and are
generally contained within the filaments and arcs of molecular gas described in
Chapter 3. Of the 11 IRAS point sources with Lfir > 1000 L©, 10 are located in
the general vicinity of the Sharpless H II regions Sh 247, Sh 252, and Sh 254-258.
Two sources are found directly adjacent to Sh 247 and a third ~10' further north.
Three luminous IRAS sources are found near Sh 252. Two are found on the
western periphery of the optical nebula, and the third (06068+2030) appears in
projection on the face of the nebula, but is likely on the backside of the H II
region (Grasdalen h Carrasco 1975). Finally, four luminous IRAS sources are
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Figure 5.6. The spatial distribution of IRAS point sources in the Gem OBI cloud
complex superimposed on a peak ^^CO antenna temperature map. The open squares
represent sources with luminosities less than 1000 L©, while crosses signify more
luminous objects.
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found near Sh 254-258. One is located between Sh 255 and Sh 257, a second just
south of Sh 254, a third a couple of arc minutes southeast of Sh 255 and associated
with Sh258, and a fourth located 15' further southeast. Only IRAS 05553+1631,
located at one end of a cometary filament in the southwest corner of the Gem OBI
complex, has a far-infrared luminosity in excess of 1000 L© and is isolated from
other optical H II regions.
The less luminous sources are more widespread throughout the Gem OBI
cloud complex. Many of these sources appear within the arcs and filaments that
were described in Chapter 3. These include the three rings of gas southeast of
Sh 252, the filament east of Sh 247, the ring around Sh 252, and the filament
containing BFS 52. Seven IRAS sources are found near the arc along the western
edge of the Gem OBI cloud complex. All but one these sources are found within
the northern extent of this arc, and none are found within the patch of gas near
{a,S) ^(5*^58"", 18.5° ) which has the strongest ^^CO emission and largest column
densities along the arc. The southern extent of Gem OBI contains seven IRAS
sources which appear to lie predominantly along the edge of the molecular gas
distribution and not in the center.
5.2.3 Association of IRAS Point Sources with Dense Cores
To compare the properties of the dense cores associated with the IRAS
sources. Figure 5.7 displays a mosaic of CS integrated intensity maps for the 58
IRAS sources in the Gem OBI cloud complex shown in order of decreasing
far-infrared luminosity starting in the upper left corner. To facilitate comparison
between the sources, the contour/halftones for each map in Figure 5.7 begin at the
approximate 3cr noise level (1.4 Kkrns"^) with increments of 2.0 Kkms"^ The
(0,0) positions in these maps refer to the IRAS point source position. Nineteen of
the 58 IRAS sources have a CS(J=2-1) detection at the 3a noise level or greater.
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Figure 5.7. Contour maps of the integrated CS(J=2-1) intensity for the 58 IRAS
sources in the Gem OBI cloud complex. The IRAS sources are displayed in
decreasmg luminosity order, with the most luminous source (06099+1800) in the
upper left hand corner. Contour levels are the same for each map, and begin at the
3(7 noise level of /Tftdv = 1.4 K km s'^ with increments of 2.0 K km s'^.
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Figure 5.7, continued
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The properties of the cores detected in the IRAS point source survey but not in
the large scale survey are listed in Table 5.2b.
Examination of the CS survey of IRAS point sources indicates that the more
luminous IRAS sources are generally associated with more massive cores (see
Table 5.2). This is not strictly true, as there are several luminous IRAS sources
associated with relatively low mass cores, or were not detected in CS at all, despite
containing strong ^^CO of 290 L©. The lowest luminosity source with a positive
CS detection, IRAS 06110+1744, has a far-infrared luminosity of 20 L©. The CS
emission toward this source, however, peaks toward an adjacent luminous IRAS
sources (Lfir > 3000 L®) with a massive, extended CS core, and no CS emission
was detected toward 06110+1744 itself. A similar situation holds for IRAS
06062+2140, although some CS emission was detected toward the IRAS source.
The lowest luminosity IRAS source that is unquestionably centrally located within
a CS core is IRAS 06067+2138, which has a far-infrared luminosity of 100 L®.
Note, however, that this source belongs to an extend CS core that includes the
IRAS point source 06069+2142, which has a far-infrared luminosity of 290 L©.
There are three possibilities that can explain the lack of CS emission around
some of the luminous IRAS point sources. First, these regions could have once had
a massive core, but converted a greater fraction of the molecular gas into stars.
This is probably not the case since one would intuitively expect to find higher
mass stars and a greater number of stars in these regions, neither of which is
observed (Carpenter et al. 1993). A second possibility is that the core mass was
initially high but has been dispersed by H II regions and stellar winds. Carpenter
et al (1993) speculated that this was the case for several of cores in their study of
luminous IRAS sources, some of which are in the Gem OBI cloud complex, based
on dynamical time scales of molecular outflows, the morphology of the cores, and
the number and characteristics of embedded stars. All of these properties,
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however, are equally consistent with the third possibility as well, namely that the
cores were initially of low mass and most of the molecular gas ha^ been converted
into stars. While this cannot be proved or disproved with the existing data,
invoking this explanation may require two mechanisms for the formation of
massive stars, while the gas dispersal scenario must occur.
Finally, the star formation characteristics of the cores found in the large scale
CS survey are discussed. The la^t column in Table 5.2 lists the IRAS point sources
associated with each of the detected dense cores. Ten of the thirteen cores contain
an IRAS point source within the projected area of the CS emission. Two of the
three cores without an associated IRAS point source are within a few arc minutes
of an IRAS source and so it is ambiguous as to whether these are truly starless
cores or if they represent fragments of a once large core associated with the nearby
star forming region. Of the 13 cores discovered in the large scale, only core 10
contains no sign of massive star formation and is isolated from other star forming
regions. This core is associated with a nebulous object of unknown nature
(Petrossian 1985), however, and so the possibility remains that all of the massive
cores are associated with star formation to some degree. Thus unless the Gem OBI
complex has been observed forming its last generation of stars, the fact that such a
large fraction of the massive cores have on-going star formation indicates that the
onset of star formation must soon follow the formation of massive dense cores.
Furthermore, the more massive cores tend to form more massive stars, as
evidenced by the lack of cores around the low luminosity IRAS sources and the
association of embedded B stars with the more massive cores (cf. Table 5.2a and
Figure 5.7). This suggests that the processes leading to the formation of massive
dense cores are conducive for the formation of more massive stars. This may be
largely a statistical effect in that there is a greater probability of forming a massive
star given that more dense material is present. Observations of other massive star
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forming regions, however, suggests that the environment may also play a role in
that the most massive stars tend to be located at the center of a cluster of stars
forming in a dense core (see Zinnecker, McCaughrean, L Wilking 1993).
Chapter 6
Distribution and Properties of Young Stars
The relatively poor angular resolution of the IRAS survey prevents a detailed
analysis of the stellar content of the star forming regions in the Gem OBI
complex, since it is likely that the "point" sources represent a cluster of stars
(Carpenter et al. 1993). The higher angular resolution SQIID observations permit
such studies while maintaining the ability to detect embedded star formation sites.
The region imaged by SQIID is shown graphically in Figure 6.1, and grey scale
images of the J, H, and K band mosaics are shown in Figure 6.2. In this chapter,
these images are analyzed with the goal of providing an independent assessment of
the embedded stellar content in the Sh 247 region and to further determine how
the distribution of the embedded stars correlates with the structure and properties
of the molecular gas. The analysis begins by identifying regions in the Sh 247
region with enhanced stellar surface density, and then by finding individual stars
with near-infrared colors characteristic of young stellar objects.
6.1 Clusters
To identify any stellar surface density enhancements in the Sh 247 region, a
map of the stellar surface density was created by counting the number of stars
between magnitudes K = 9.0 and 14.5 within a square aperture and moving this
aperture in step sizes of half the aperture width over the full spatial extent of the
SQIID image and dividing by the area of the aperture. An aperture size of 1' was
chosen in order to match the typical sizes of dense cores, and in practice, the
results described below do not change substantially for different aperture sizes.
89
22
21
20
o
2 19
18
17
"» »
—
\
—'
—r—n 1—I—,—,
—
I
—
r-
16
k 1 . L
T 1 T
6^12°'
_1 I L.
a (1950)
ghQin 56m
Figure 6.1. Location of the region mapped with SQIID shown on an image of the
peak ^^CO(J= 1-0) antenna temperature.
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Figure 6.2. Grey scale images of the J, H, and K band mosaics of the Sh 247 region.
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Figure 6.2, continued
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Identifying statistically significant stellar density enhancements requires
quantifying the expected distribution of surface densities for a random group of
stars. For a first order approximation, the number of observable background and
foreground stars was assumed constant over the region mapped with SQIID. While
the dust in the Gem OBI complex preferentially dims background stars in selected
areas, the typical variation in the K band extinction over the region imaged with
SQIID is ^0.1 magnitudes (Chapter 4) and presumed to be negligible for the level
of this analysis. Regions of high extinction occupy a small fraction of the imaged
area and will not affect the results.
Figure 6.3 shows a histogram of the observed frequency distribution of stellar
surface densities in the K band image. The solid curve in this figure represents the
best fit Poisson distribution to the observed stellar surface densities. For stellar
densities ^5 stars (arcmin)"^, the observed stellar density distribution is fairly
well approximated by a Poisson distribution. The number of observed regions with
higher stellar surface densities, however, exceeds the number expected from a
random distribution of stars.
Figure 6.4 presents a contour map of the stellar surface density. The contours
begin at above the average stellar surface density with subsequent levels
incremented by Icr. The background surface density and the statistical significance
of higher surface densities were computed using the observed average stellar surface
density of 1.86 stars (arcmin)'^ and Poisson statistics for a 1' size counting box.
The number of pixels in the stellar surface map with a 3a of higher stellar surface
density expected from a Poisson distribution is large, and to reduce the number of
random groupings of stars in the list of stellar surface density enhancements, only
those regions enclosed by a 3(t contour level in Figure 6.4 and contain at least a 5a
enhancement in the total number of stars above the stellar background level were
counted as true stellar surface density enhancements. The formal confidence limits
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Figure 6.3. The frequency distribution of stellar surface densities in the SQIID K
band image of the Sh 247 region for an aperture size of 60". The solid histogram
represents the observed distribution of stellar surface densities, and the solid curve
denotes the best fit Poisson curve to the observed distribution.
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Figure 6.4. Contour map of the stellar surface density toward the Sh 247 region for
stars in the magnitude range K < 14.5 and an aperture size of 60". The contour
levels begin at the 3cr level above the background star density of 5.9 stars (arcmin)"^
with increments of 2.7 stars (arcmin)"'^ (i.e. 2<t level).
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that these stellar density enhancements do not result from a random grouping of
stars is 99.99%. Henceforth, these stellar surface density enhancements are referred
to clusters in anticipation that these regions represent a group of stars in a
localized region of space. This does not imply, however, that the stars in these
clusters formed at the same time or will remain a bound group. Chapter 7
explores these issues in more detail. The number of stars in a cluster was
estimated by examining the cumulative distribution of stars in excess of the local
background as a function of radial distance from the center of cluster. The local
stellar background was estimated from an annulus that has an inner radius of 5'
and an outer radius of 10' and is centered on the cluster. While this prevents
identifying extended clusters, the clusters appear sufficiently compact so that this
method does not affect the results. The radius at which the cumulative star counts
stopped increasing (a maximum of 5' by definition) was denoted the cluster radius.
Table 6.1 summarizes the properties of the 4 clusters identified in this manner,
including the coordinates of the cluster center, the cluster radius, an estimate of
the number of stellar members, and any identification of the cluster with an IRAS
source. Figure 6.1 shows enlargements of the K band image of each cluster
overlayed with a contour map of the integrated CS emission. All four clusters are
associated with a CS dense core and an IRAS point source, although the
secondary stellar surface density peak in cluster 4 (described further below) falls
outside the region detected in CS. This further indicates that these clusters do
indeed represent stars physically located in a localized region. In total, these four
clusters contain 201 stars brighter than K=14.5 magnitudes. This undoubtedly
represents a lower limit to the actual cluster membership due to blending of
sources in the l'(35 pixels, over subtraction of background sources through opaque
cores, and the finite sensitivity of the survey.
Table 6.1. Star Clusters near Sh 247
Cluster a 6 Radius # Stars IRAS
# 1950 (pc) Source
1 06^06^07" +2r51'14" 2.3 57± 9 06061+2151
2 +21°38'42" 1.2 21± 4 06067+2138
3 06^05'"52« +21°39'10" 1.7 39± 7 06058+2138
4 06^05'"43' +21°31'35" 1.7 84± 7 06056+2131
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Figure 6.5. Overlays of the CS(J=2-1) integrated intensity contour map on tlie 4
clusters identified in the K band SQIID image of the Sh 247 region. Each image is
10' X 10'. Contour levels for each panel begin at /Tr dv = 1.0 K km s~^ with steps
of 0.75 K km s'K
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While clusters 1 and 4 are cataloged single clusters in Table 6.1, each of
these clusters can equally be considered to contain two distinct groups of stars (see
Figure 6.4). These two regions indicate that the spatial distribution of the clusters
tend to follow the large scale distribution of the dense molecular gas. This is
clearly shown in Figure 6.1, where the nebulosity and stellar population closely
follow the large scale CS distribution. The two groups in cluster 1 are elongated
east-west within the dense core, cluster 4 contains two regions of nebulosity that
are located near CS emission peaks and a secondary stellar density peak just
outside the CS core, and clusters 3 and clusters 4 are contained within the same
filament of gas that wraps along the eastern edge of the Sh 247 H II region. The
stars in cluster 2 are found primarily at the southern end of the CS dense core,
although several, faint, red stars seen only at K band are observed tracing the CS
emission further north. It is unlikely that these stars are background stars visible
only at K band since other regions of the core do not show as pronounced group of
very red stars. In addition, near the secondary CS emission peak in this core is a
red, bright star (K=8.6, J-H=2.5, H-K=2.2) surrounded by nebulosity.
Visual inspection of the near-infrared images in Figure 6.1 suggests that
cluster 2 contains relatively few luminous stars at K band compared to the other
three clusters. To statistically evaluate this possibility, the Kolmogorov-Smirnov
test (Press et al. 1992) was performed on the cluster luminosity functions. This
test compares the shape of the cumulative luminosity functions and computes the
probability that any two distributions (either determined empirically or
theoretically) are drawn from the same distribution. The observed luminosity
functions contain stars from both the cluster and the field star population, and
ideally, one would like to perform this test only on the cluster population. Strictly
speaking, however, subtracting the field star distribution from the stellar
background invalidates the test in that the confidence limits assigned to any
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differences between two cluster luminosity functions is no longer well defined.
Therefore, the Kolmogorov-Smirnov statistic wa^ computed for the observed star
counts with no corrections for the field star contribution. The gives a conservative
estimate of the probability that any two luminosity functions are different since
the field star population is common to each cluster to within the statistical errors,
and therefore will tend to make two clusters that are intrinsically different appear
more similar. The field star contamination varies between ~30% for cluster 4 to
-50% for cluster 2. To obtain an estimate of the shape of the cluster luminosity
function with the field star distribution subtracted, the field star luminosity
function for each cluster was estimated from the star counts within a circle
centered on {a,S) = (6h6"^6% 21° 45' ) with a radius equal to that of the cluster.
This background region is on the molecular cloud but does not overlap with any of
the clusters. For each star in the background region, the nearest star (in
magnitude) in the cluster distribution was removed from the cluster luminosity
function. This method is analogous to making equally spaced histograms of the
two distributions, and subtracting the histogram of the field stars from the cluster
histogram. Removing the stars individually in the manner described above has the
distinct advantage in that the shape of the luminosity function is retained without
the loss of information that occurs when the data are binned, and avoids the
difficulties in picking a bin size.
The left-hand and center panels in Figure 6.6 shows the cumulative K band
luminosity functions for both the raw star count and the background subtracted
star counts. In the uncorrected distributions, clusters 1, 3, and 4 have similar
luminosity functions, while cluster 2 is distinctly different. The maximum
probability that cluster 2 represents the same luminosity function a^ any one of
the other three clusters is 3%. No statistically significant difference between the
other three clusters was found at the 80% confidence level.
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As seen in Figure 6.6, the distinguishing feature of cluster 2 is the lack of stars
brighter than K -13. This is unlikely a result of extinction since the column
density through the cores containing clusters 1, 3, and 4 is larger than that
through the core containing cluster 2. In addition, if cluster 2 did have the same
luminosity function and was more deeply embedded than the other clusters, then
one would intuitively expect the far-infrared luminosity of this cluster to be larger
than cluster 4, which is not observed. Thus the differences in the luminosity
functions between clusters 2 and 4 are likely intrinsic to the clusters. Since these
clusters are undoubtedly young and the stars are most likely still in their pre-main
sequence evolution, this may reflect that the stars in cluster 4 contain younger,
and hence brighter, pre-main sequence objects than cluster 2. The right hand
panel shows the expected K band luminosity functions (see discussion later in this
chapter for a detailed description of the calculations) for a cluster of various ages
containing a Miller-Scalo spectrum of stellar masses. As can clearly be seen, the
shape of the cumulative luminosity functions of this hypothetical cluster varies
with time. In addition, if the stars in cluster 4 are indeed younger, the accretion
rates and accretion luminosity may be higher which will also lead to brighter
near-infrared magnitudes. Alternatively, the mass functions may differ in that the
stars in cluster 4 are on average more massive than cluster 2. Each of these
scenarios is plausible, and spectroscopic observations of the embedded stars should
aid in clarifying the relative importance of these effects.
Clusters 1, 3, and 4 are each associated with a luminous IRAS sources (Lfir >
1000 Lq). Thus the enhanced far-infrared luminosity is due both to the large
number of stars and the presence of at least one early B type star, as indicated by
the observed radio continuum emission. At first glance this provides further
evidence that most, if not all, high mass stars form in clusters and not in isolation.
However, no clusters were found associated with the Sh 247 H II region, which also
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contains an early B type star (Hunter k Ma.sey 1990). Zinnecker, McCaughrean,
& Wilking (1993) noted a similar situation for the optical H II regions Sh 255 and
Sh257 and the cluster associated with the luminous IRAS source 06099+1800, and
suggested that this region represents bimodal star formation in that the birth
function of stellar masses varies dramatically from one region to another.
This notion of bimodal star formation, however, leads to unsettling
consequences for the star formation history of the Gem OBI cloud complex.
Assuming for the moment that the bimodal star formation hypothesis is correct,
then the formation of single, isolated, early B type stars has occurred in at least 3
(Sh 247, Sh 255, Sh 257) of the 8 optical H II regions in the Gem OBI complex,
and therefore must represent a fairly common mode of star formation.
Corresponding near-infrared data for the other five optical H II regions (Sh 252,
Sh254, Sh256, Sh 258, and BFS52) are not available, although Pismis (1970)
found a cluster of 65 stars distributed over a 8 pc region in Sh 252. If the
assumption is made that the 11 luminous IRAS sources in the Gem OBI complex
are generally younger than the extended optical H II regions, then roughly half of
these sources should be forming a single B type star under the bimodal star
formation hypothesis. Of these 1 1 sources, 7 have been observed in the
near-infrared and all contain a cluster of stars (see above and also Carpenter et
al 1993; McCaughrean 1993; Zinnecker, McCaughrean, k Wilking 1993). In
addition, Carpenter et al. (1993) surveyed 21 luminous IRAS sources in the J, H,
and K bands, and of the 17 sources with definite radio continuum emission
(including 3 in the Gem OBI cloud complex), all contain a cluster of stars. Thus
while none of the optical H II regions in the Gem OBI complex that have been
observed in the near-infrared contain a statistically significant cluster of stars, all
of the luminous IRAS sources that have been imaged do.
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An alternative hypothesis to the bimodal star formation scheme is that the
single OB type stars in the optical H II regions were initially part of a cluster that
is no longer visible such due to a combination of cluster dispersal and
luminosity evolution of the stars. The extent of the radio continuum emission, the
molecular outflow time scales, and the ubiquity of outflows and stars with excess
near-infrared emission (see below and Carpenter et ah 1993) suggest that the
deeply embedded IRAS sources are younger than the optical H II regions.
According to the cluster evolution models by Lada, Margulis, k Dearborn (1984),
a cluster of
-100 stars with K, < 14.5 will disperse over a region -2-3 pc in
radius in a few million years assuming that the star formation efficiency is ^30%,
as commonly observed. These calculations ignores tidal disruption from the
molecular cloud, which will disperse the cluster faster. The resulting stellar surface
density would be <2.7 stars per square arc minute. This is below the surface
density used to identify the clusters listed in Table 6.1, although a higher density
core may still exist.
In addition to the cluster dispersal, the stars will become fainter as they evolve
toward the main sequence. Figure 6.7 shows the luminosity evolution of a cluster
over the age range of 0.3 Myr to 3.0 Myr. The stellar masses in this hypothetical
cluster were drawn from a Monte Carlo simulation of the Miller-Scalo initial mass
function (Miller k Scalo 1979). The J band magnitudes of the stars were
calculated from the D'Antona k Mazzitelli (1994) pre-main sequence evolutionary
tracks with the Alexander opacities and convective energy transport models by
assuming that the stars radiate as blackbodies (cf. Zinnecker, McCaughrean, k
Wilking 1993; Strom, Strom, k Merrill 1993). The J-H and H-K colors of the
stars were determined using the observed dependence of the J-H and H-K colors
of main sequence stars with eff'ective temperature. Stellar masses between 0.10 to
2.5 M© are included in these models. Accretion and extinction are not considered.
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= 0.3 Myr
N(K^14.5) = 100
Figure 6.7. Evolution of the K band luminosity function for a coeval cluster obeying
the Miller-Scalo initial mass function. The K band magnitudes were computed
using the D'Antona Mazzitelli (1994) pre-main sequence evolutionary tracks.
The number of stars brighter than K=14.5 is indicated.
108
and in any event will partially offset each other in terms of visibility of a star at
near-infrared wavelengths. The lowest mass star visible at K=14.5 is -0.25 M,,
for a cluster age of 0.3 Myr, 0.5 for an age of 1 Myr, and -0.9 for 3 Myr.
Figure 6.7 shows that a cluster with an age of 0.3 Myr and 100 stars brighter than
K=14.5, will have 56 stars brighter than K=14.5 at and age of 1.0 Myr and 28
stars brighter than K=14.5 at an age of 3.0 Myr. While the actual ages and mass
functions of the observed clusters are unknown, these results suggest that cluster
dispersal and luminosity evolution can account for the lack of visible clusters
around the extended and presumably older optical H II regions without invoking
bimodal star formation schemes.
6.2 Excess Near-Infrared Emission
Numerous investigations have shown that young stellar objects often have
more emission at infrared wavelengths than expected from a single temperature
blackbody inferred from the optical colors of the star (see, e.g., Strom et al. 1989).
Many of the spectral features of this "excess" infrared emission are explained by
invoking various combinations of accretion disks, reprocessing circumstellar disks,
and circumstellar envelopes (Adams, Lada, k Shu 1987). Young stars can
potentially be identified by searching for this excess infrared emission without
regard to the presence of a cluster of stars. Such a search was conducted using the
J-H vs. H-K color-color diagram. This diagram can be used to identify stars with
colors inconsistent with reddened main sequence and red giant stars, such as
Herbig Ae/Be stars and classical T Tauri stars (Hillenbrand et al. 1992).
Figure 6.2a shows the color-color diagram for the 1859 stars in the Sh 247
region that have J, H, and K magnitudes brighter than 16.5, 15.5, and 14.5,
respectively, and have estimated color errors less than or equal to 0.15 magnitudes.
An additional 412 stars have K <14.5 but do not satisfy the other criteria. The
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solid curves in Figure 6.2a denote the expected positions of unreddened main
sequence and red giant stars, and the dotted line shows the slope of the reddening
vector (Cohen et al 1981). Many of the stars have colors consistent with K, G,
and F main sequence stars and red giant stars, and another large grouping has
colors consistent with have been reddened by 5-10 magnitudes of visual extinction.
A gap in the color-color diagram is seen between these reddened stars and the
relatively unreddened main sequence stars for stars with J-H colors of ~1
magnitude. This indicates the presence of localized extinction along the line of
sight (as opposed to a uniform distribution), which undoubtedly signifies the dust
in the molecular gas nearby Sh 247. The third significant grouping of stars seen in
Figure 6.2a have colors inconsistent with reddened main sequence and red giant
stars.
To determine to what extent the scatter seen in the stellar colors in
Figure 6.2a is due to intrinsically red stars with infrared excesses and not random
noise, I have simulated what the J-H vs. H-K color-color diagram would look like
after adding extinction and gaussian random noise to a population of field stars.
The distribution of field stars was generated using a Monte Carlo simulation of the
Bahcall-Soneira (Bahcall h Soneira 1980) model of the Galaxy, kindly provided by
Tom Jarrett (Jarrett 1992). The extinction assigned to each star in the model
consisted of two components. The first component, common to all of the stars, is
the standard visual extinction-distance relation of 1 mag/kpc associated with the
galactic plane. The second extinction component comes from the dust associated
with the molecular gas nearby Sh 247, and was determined using the H2 column
density maps (Chapter 4) and the extinction-column density relation from Bohlin,
Savage, h Drake (1978). The extinction added to any individual star was
determined by placing the star randomly over the portion of the column density
image described in Chapter 4 that was observed with SQIID. The extinction
112
toward this line of sight plus an additional 1.4 magnitudes of extinction wa^
assigned to the star if the stellar distance was greater than 2 kpc. The addition 1.4
magnitudes of extinction arises since since ^^CO emission is only detected at a
threshold extinction level; the adopted threshold extinction level is the observed
value in the Rho Ophiuchus molecular cloud complex (Dickman k Herbst 1990).
Once the reddening was determined to the star, gaussian random noise was
applied to the J, H, and K band magnitudes. The la RMS noise levels varied as a
function of magnitude according to Poisson counting statistics. The adopted 10a
noise levels are 16.5, 15.5, and 14.5 magnitudes at J, H, and K respectively, which
were chosen based on the variation of the observed noise level with magnitude.
The minimum assigned RMS error was 5% for any magnitude to reflect
uncertainties on color transformations, airmass corrections, zero point, etc... that
are not reflected in Poisson noise statistics. The model predicted ~600 stars
(~25%) more than were actually observed. Since the goal of the simulation is to
determine the behavior of noise and variable reddening on the observed J-H vs.
H-K color-color plane and not to obtain a precise prediction of the number of
observable stars, the area of the Monte Carlo simulation was decreased so that the
number of model stars agreed with the observations. This procedure does not take
into account that some of the observed stars are intrinsically associated with the
Sh 247 molecular cloud and are not field stars.
Figure 6.2b shows the results of the simulation for stars brighter than J=16.5,
H=15.5, and K=14.5. In the simulation, most of the stars are scattered around the
main sequence/giant ranch, although several stars have J-H colors as large as 2.6.
Both of these properties are in good agreement with the observations. In addition,
the scatter blueward of the main sequence in the H-K colors in the simulation is
comparable to that of the observations. Several of the stars in the simulation have
J-H colors less than 1.0 lie outside the reddening vectors in the regions occupied
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by stars with near-infrared excesses. This is mainly a result of random noise, since
B type stars, which would lie outside the reddening vector drawn as drawn in
Figure 6.2, are a minor component of the total stellar population.
There are two major differences between the simulation and the actual
observations. First, the simulation fails to completely account for the gap in the
J-H colors readily seen in Figure 6.2a. This most likely results from
underestimating the extinction through the molecular gas. The most significant
difference between the simulation and the observations are the large number of
observed stars with apparent near-infrared excess emission and large J-H and
H-K colors compared to the number expected due to random noise. These stars
are most likely are intrinsically red and have excess near-infrared emission.
The simulation was used to aid in determining the number and spatial
distribution of stars in the Sh 247 region with near-infrared excesses. Ignoring for
the moment the noise inherent to the data, 643 stars in the Sh 247 region have
near-infrared colors suggestive of excess near-infrared emission. The model
contains 386 such stars, but in this case the apparent near-infrared excess is
caused solely by random photometric noise. Similarly, the number of stars in the
"forbidden" region of the J-H vs. H-K color-color diagram because of random
noise, which is blueward of the main sequence/red giant branch and the leftmost
reddening vector in Figure 6.2, is 455 stars in the simulation and 350 stars in the
observations. A systematic zero point error in the colors will of course effect these
statistics. Underestimating the K magnitudes (i.e., making them too bright) by
1% reduces the number of candidate near-infrared excess stars in the observations
to 595 objects, while a 2% error reduces the number to 565 stars. Overestimating
the K magnitudes by 1% would increase the number of potential infrared excess
stars to 687. Statistically then, 257 of the 1886 stars shown in Figure 6.2a have
intrinsic excess near-infrared emission and are likely pre-main sequence objects.
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The dominant uncertainty in this number are potential zero point errors in the
photometry which can alter the derived number of near^xcess stars by ~± 40-80
stars. If the remaining 412 stars with K<14.5 but not included in Figure 6.2a have
a similar relative frequency of near-infrared excess emission, a total of ~300 stars
with J, H and K band detections with K<14.5 are potentially young stellar objects
with colors similar to that of classical T Tauri stars and Herbig Ae/Be stars.
Examining the spatial distribution of stars with near-infrared excesses requires
selecting a sample of stars that has minimal contamination from noisy
measurements. The simulation provides a test case in determining the minimal
appropriate selection criteria since none of the stars in the model have excess
near-infrared emission. The criteria imposed in order to determine if a star has
excess near-infrared emission is that the perpendicular distance between the
stellar colors and the reddening vector must exceed ncr, where cr is the uncertainty
in the stellar colors and n is a number to be determined number. Many of the
brighter stars have error estimates as low as a few percent. To acknowledge
potential zero point offsets and other uncertainties not reflected in these errors, a
minimum magnitude uncertainty of 5% was imposed in this analysis. Requiring a
1(7 deviation from the reddening line leaves 113 of the 388 candidate near-infrared
excess stars in the simulation remaining. For a 2a and 3cr criteria, 27 and 4 stars
respectively remain in the sample. Similarly, the number of stars in the simulation
remaining in the forbidden region of the color-color diagram are 121, 11, and 2
stars for 1, 2, and 3<t deviations. Therefore, to remove most of the potential noisy
measurements and to select a sample of stars that likely have near-infrared
excesses, a minimum deviation from the reddening line of 3cr was adopted.
Figure 6.2 shows the spatial distribution of the 99 stars that have greater than
3(7 deviations from the reddening line. Also drawn are the positions and estimated
radii of the clusters found in the analysis described earlier. The stars with infrared
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Figure 6.9. The spatial distribution of the 99 stars that have J-H and H-K colors
that deviate by at least 3<t from the reddening vector. The solid squares denote stars
with J-H colors redder than 0.6, and open squares the bluer stars. This distinction
is made since the latter sample is the most likely to be contaminated by stars with
random noise (see Figure 6.2). The solid curves denote the sizes and positions of
the clusters identified in this region.
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excesses are divided into two groups: the open circles signify stars with J-H colors
of 0.6, and filled squares signify redder sources. This distinction is made since the
stars with J-H colors ^0.6 are the most likely group to still be contaminated by
noise due to the sheer number of stars around the main sequence branch.
Figure 6.2 clearly shows that the distribution of stars with near-infrared
excesses are not randomly distributed throughout the Gem OBI cloud complex.
The largest concentration of stars with infrared excesses are found within and near
the IRAS 06061+2151 cluster, and smaller groupings are found near the other
three clusters. The clusters, while occupying 9% of the area surveyed by SQIID,
contain 45% of the stars with infrared excesses. The remaining stars also shows
signs of clustering, as many these stars are found on the periphery of the
06061+2151 cluster. Some of these stars may possibly represent stars from
evaporated clusters
.
Close inspection of Figure 6.2 also reveals a small grouping of
7-10 stars with near-infrared excess near (a,<5) = (6^30"", 21° 25' ). This grouping
is associated with the IRAS point source 06065+2124, which has a far-infrared
luminosity of ~ 100 L©. The total number of stars in this group, including the
stars without near-infrared excesses, is 29 ± 6 stars, which is just below the
minimum adopted signal to noise ratio (5(7) to be identified as a cluster.
To constrain the masses of the stars forming in the clusters and the larger scale
distributed population. Figure 6.2 shows a J vs. J-H color magnitude diagram for
the 99 stars that likely have near-infrared excesses. The filled squares represent
stars within the boundaries of the four clusters, and the open squares represent
sources outside the designated cluster boundaries. The main sequence locus and
the pre-main sequence isochrones for two different ages are shown, and the solid
lines show the reddening vectors for a 1 M© star on different isochrones. The small
grouping of stars near the main sequence locus are in a region of the color-color
diagram heavily contaminated by statistical noise, and it is possible these stars do
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J-H
Figure 6.10. Color-magnitude diagram for the stars that likely have near-infrared
excesses. The open squares represent sources outside the clusters, while filled squares
are within the cluster boundaries. The locus of points for main sequence stars and
pre-main sequence isochrones for stars with ages of 10^ and 10^ years are shown.
The two solid lines are the reddening vectors for a 1 M© star on the appropriate
isochrone.
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not have intrinsic near-infrared excesses. Note that nearly all of these stars are
non-cluster members. From this color-magnitude diagram, the stellar masses can
be obtained by de-reddening the stars back to the appropriate isochrones. While
the actual stellar ages are not known, it is reasonable to assume that the clusters
are ^1 Myr old given the time scale for clusters to disperse (Lada, Margulis, k
Dearborn 1984). Based on the observed magnitudes and colors of the stars shown
in Figure 6.2, therefore, most of the embedded stars likely have masses ^1 Mq.
Chapter 7
Discussion
7.1 Comparison to Other Cloud Complexes
Besides the images presented here of the Gem OBI cloud complex, some of the
more detailed maps of individual molecular cloud complexes include Orion A
(Bally et al. 1987; Heyer et al. 1992), Orion B (Bally et al. 1991), MonR2
(Xie 1992), Maddalena's cloud (Lee 1992), and Sh 140, Ceph 0B3, and Sh235
(Heyer, Carpenter, k Ladd 1994). With the exception of Maddalena's cloud, these
regions contain optical H II regions and are sites of massive star formation.
Qualitatively, each of these clouds have analogs to structures observed in the
Gem OBI complex. The spatial extents of the Orion clouds, MonR2, Sh 140, Ceph
0B3, and Sh 235 are each on the order of 20-50 parsecs with masses of ~10'*~^ M©,
which are comparable to the properties of the Sh 247, Sh 252, and Sh 254-258
regions. In addition, each of these clouds contains the characteristic bright rims
and filaments around the H II regions. Maddalena's clouds is the exception among
these various clouds in that in contains no evidence for on-going massive star
formation and does not have the bright, sharp regions prominent in the star
forming regions. The *^C0 excitation temperatures in Maddalena's cloud rarely
exceed ~10K, and the highest H2 column densities are ~10^^ cm~^. As mentioned
in Chapter 3, these properties are remarkably similar to that of the large arc of gas
along the western edge of the Gem OBI cloud complex. To a large degree, then,
the Gem OBI complex represents a conglomeration of these various components.
The discovery of Maddalena's cloud and the large arc of gas in the Gem OBI
complex raises the question of how common these type of structures are in the
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interstellar medium. Regardless of the physical interpretation of the arc, the
properties of this structure and Maddalena's cloud are unusual compared to star
forming region in terms of their broad line widths and low antenna temperatures.
Based on the inventory of molecular gas in the solar neighborhood, Blitz (1993)
has argued that massive cloud complexes without massive star formation are
relatively rare. However, the difficulties in detecting and identifying such regions
are formidable due to low antenna temperatures and lack of distinguishing
characteristics. Indeed, the arc in the Gem OBI cloud complex was detected in the
Columbia Galactic Plane Survey (Dame et al. 1987), but was not recognized as
having unusual properties. In principle, the high angular resolution ^^CO surveys
of the inner Galaxy (e.g., the Massachusetts-Stony Brook ^^CO Survey, Sanders et
al. 1986) samples a large enough volume of space to statistically quantify the
frequency of these type of regions. In practice, the confusion generated from the
overlap of regions along the line of sight limits studies to identifying only those
cloud complexes that have ^^CO antenna temperatures exceeding a given
threshold, typically Tr* = 4K, where the confusion is significantly reduced (see,
e.g., Lee, Snell, k Dickman 1990). As indicated in Chapter 4, this antenna
temperature threshold heavily biases the identification of clouds toward regions
with massive star forming sites, and most of the molecular gas in the Gem OBI
complex would not be represented in the catalogs of clouds in the inner Galaxy.
Thus low intensity structures in the interstellar medium may be more common
than previous thought and may even be more representative of the majority of the
molecular gas in the Galaxy.
Even though most regions within the Gem OBI complex are not blended with
multiple components along the line of sight as in the inner Galaxy, there is still a
significant ambiguity in defining what constitutes a molecular cloud. The ^^CO
maps can be interpreted to represent hundreds of molecular clouds depending on
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the adopted antenna temperature threshold (the usual definition), a few clouds
(e.g., the designated subregions), a single cloud if all of these structures are at the
same distance, or no clouds if the molecular emission represents an continuum of
gas along the Galactic plane. Individual clouds are perhaps easier to define in the
^^CO image, but only because the the ^^CO emission is not as sensitive to the
diffuse material that connects many of the features. In addition, many of the
derived properties of molecular clouds will be a function of the angular resolution,
sampling, and sensitivity of the survey, the observed molecular species, and even
the distance to the molecular gas. Given these ambiguities, it seems all the more
remarkable that molecular clouds appear to obey scaling relations over several
orders of magnitude in cloud sizes and masses (e.g., Larson 1981). This is
surprising in that evidently the properties of the molecular gas are to a large degree
a function of the local environment (see, e.g.. Figure 3.5). Given the dynamic,
complex structures of the molecular gas in the Gem OBI cloud complex and that
all other molecular clouds that have been observed in detail exhibit similar
structures, it would seem prudent to reconsider whether these relations are truly
fundamental properties of the molecular gas, or if they are artifacts of the way the
observed molecular emission is reduced into individual clouds (see also Scalo 1990).
7.2 Massive Star Formation and the Evolution of Cloud Complexes
While developing a precise model that explains all of the observed structures
in the Gem OBI cloud complex is a futile task, a self-consistent picture for the
evolution of the molecular gas emerges from the analysis of the molecular line,
far-infrared, and near-infrared data. Analysis of the large scale ^^CO and ^''CO
maps indicates that the bulk of the molecular gas in the Gem OBI complex is
relatively diffuse in that it has low column densities (^1-3 x 10^^ cm~^) and is
spread over degree size scales (1° = 35 pc at 2 kpc). In some areas the distribution
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of molecular ga^ is relatively smooth (e.g., subregion 4, while others exhibit large
column density fluctuations and contain coherent, filamentary structures extending
up to tens of parsecs. These structures are frequently arc-shaped, and since the
curvature of the gas follows the outline of the optical H II region and contains an
order of magnitude higher column density than the ambient medium, these
features most likely represent swept up molecular gas. The similarly shaped
structures that are not directly associated with star forming regions most likely
represent represent fossil remnants of past star formation events and imprints from
lower mass stars. While magnetic field (Carlberg k Pudritz 1990) and
compressible turbulence (Passot, Pouquet, k Woodward 1988) have been proposed
as alternative mechanisms for the origin of these filamentary structures, these
models do no generally predict the preponderance of arc-shaped features observed
in the Gem OBI complex.
The molecular gas has collapsed sufficiently to form 13 dense cores of gas as
found in the large scale CS survey. With the possible exception of one core, these
cores are associated with star formation as traced by the distribution of IRAS
sources and verified in several instances through near-infrared imaging. The fact
that such a large number of the cores are currently forming stars indicates that
star formation must occur rapidly after the formation of a massive core. This also
suggests that the number of star forming sites is not pre-ordained at the time the
complex is formed, but rather depends on the evolution of the cloud complex and
the local environment. Strictly speaking, these conclusions holds only for cores
more massive than the sensitivity limit of the survey (~50 M©). For example, the
Taurus cloud complex contains primarily solar mass type cores, of which roughly
half are currently forming one or two stars (Beichman et al. 1986).
The CS survey of Orion B reported by Lada et al. (1991a) yielded similar
results. While they identified 42 cores in Orion B based upon closed CS intensity
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contours in space and velocity, most of these cores represent substructure within 5
or 6 localized regions of enhanced CS emission. These localized CS emission
regions better conform to the definition of a dense core adopted here since the CS
observations of the Gem OBI complex lack the spatial resolution to resolve any
such substructure present in the Gem OBI cores. As in the Gem OBl cloud
complex, these 5-6 localized regions of CS emission in the Orion B complex all
contain signatures of star formation to some degree, including 5 clusters of stars
(Lada et al. 1991b). Star formation does not appear to occur uniformly throughout
the cores in either the Gem OBI or Orion B complexes (Lada et al. 1991b),
indicating that the typical H2 volume densities traced by CS (~10'*-^ cm'^) are
not sufficient conditions for the formation of stars, and that other parameters are
required, such as the presence of even denser gas. Nonetheless, the observations of
the Orion B and Gem OBI complexes indicate that the formation of massive dense
cores as traced by CS emission are rapidly followed by the formation of stars.
Thus the issue of why clusters form in some regions of cloud complexes and not
others requires determining the conditions in which massive dense cores form.
The mechanisms responsible for the formation of the dense cores are hinted at
by the large scale morphology of the cloud revealed by the ^^CO and ^^CO images.
As described in Chapter 5, most of the cores are found along sharp column density
gradients that are suggestive of swept up molecular material. In contrast, few if
any of cores can be truly considered to follow the classical picture of the large scale
gravitational collapse of a spherical cloud. This is not a condition peculiar to the
current generation of stars since the molecular gas around the extended optical
H II regions is clearly asymmetric, implying that the ionizing stars formed on the
edges of molecular gets distribution. This suggests that the current population of
dense cores in the Gem OBI cloud complex have formed primarily through the
external compression of the ambient molecular material and not the spontaneous
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collapse of molecular material. In the broadest terms, this is the essence of
"triggered" star formation (Elmegreen k Lada 1977; see review by
Elmegreen 1993a). The spatial relationship between the molecular gas and optical
nebula indicates that expanding H II and stellar winds are the triggering agents in
some instances.
Before further discussing the implications of this conclusion, the possibility
that the spatial relationship between the optical H II regions and the dense cores
is primarily a coincidence deserves consideration. Such a scenario might occur if
star formation occurred on multiple occasions at roughly the same time in either a
single large core that ha^ since been evacuated by the H II region, or in several
discrete, pre-existing cores, and the ionization front from one of the cores has
become optically visible and ionization bounded at the interface of one of the
adjacent cores. The single, large core model is unrealistic for Sh 252 since it would
require a core mass of ~5 x 10"* M© and a spatial extent of ~17 pc, both of which
are much larger than any known core in this region of the Galaxy. A similar result
holds for Sh 254, but cannot be strictly ruled out for the cores around Sh 247 and
Sh255. The possibility of having pre-€xisting cores implies that the Gem OBI
complex has been observed at a special time where the ionization fronts for each of
Sh247, Sh252, Sh254, Sh255, and Sh257 have expanded far enough to impact at
least one adjacent massive dense core, and for the case of Sh 252, the H II region
has expanded just far enough to encounter the last remaining luminous IRAS
point source in the region. In addition, assuming that the H II regions and the
embedded stars in adjacent dense cores have the same age may require that the
extended optical H II regions have dramatically different mass functions (see
Chapter 6). So while the possibility of pre-existing cores may be valid for any one
particular instance (Sh 247 may be such an example), it seems to be an ad hoc
explanation for the repeated pattern of finding massive star forming regions along
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the edges and ends of filaments of ga^, whereas the triggered star formation
hypothesis can easily account for these observed properties.
The time scale for the triggering hypothesis can be best established for the
Sh 252 region. Assuming that the age of the ionizing 06.5 V star is the same as
the associated cluster (~2 Myr; Grasdalen k Carrasco 1975), and that the massive
CS core formed as a result of the expansion of the H II region or stellar winds,
then time scale for the shell to expand and sweep up the ambient gas to from a
core and form a cluster of stars is ^2 Myr. This is consistent to within a factor of
two with the time scale needed to form an gravitational instability in the swept up
shell around Sh 252 according the triggered star formation theory outlined by
Elmegreen k Lada (1977). An additional constraint on the triggering time scale is
provided by the properties of the embedded clusters found in the SQIID images.
As suggested in Chapter 6, the detection of these clusters and the lack of such
clusters around the optically visible H II regions is most likely a result of
dynamical and luminosity evolution. Thus an upper Hmit to the age of the clusters
and is given by the time scale for the clusters to disperse, which is ^1 Myr (Lada,
Margulis, k Dearborn 1984). In addition, the dynamical time scales for the
molecular outflows detected toward these cores is ~0.1 Myr (Snell, Dickman, k
Huang 1990), which also suggests that these clusters are are relatively young.
The primary effect of the compression of the molecular gas is to dissipate the
energy responsible for providing cloud support, whether it be turbulence, magnetic
fields, or some other mechanism (Elmegreen 1993a). In the case of turbulence, the
compression increase the rate of collisions between clumps in the gas and hence
the energy dissipation rate (Elmegreen 1993a), and in a magnetically dominated
cloud, the compression might increase the molecular mass beyond the supercritical
mass needed for gravitational collapse or increase the rate of ambipolar diffusion
(McKee et al. 1993). These examples serve more to illustrate the underlying
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physical concepts behind the role compressive forces play in inducing star
formation and are not intended to necessarily represent the actual situation in
molecular clouds. One may intuitively expect, then, that given sufficient ambient
molecular material, that the stronger the compressive forces, the more massive the
core that will form and the richer the stellar cluster. Generally speaking, this is
consistent with the observations, as the more massive cores and the richest clusters
tend to lie around the optical H II regions, although the age differences among the
clusters need to be considered as well. If the star is massive enough, eventually it
too will drive a H II region and stellar wind to disperse the dense core and appear
as an optically visible member of the Gem OBI association. Assuming sufficient
material remains, the H II regions and stellar winds may sweep up the ambient
molecular gas to form the next generation of stars. Thus the structure and
properties of the Gem OBI cloud complex and the embedded clusters can be most
simply viewed as a continuously evolving system.
Chapter 8
Summary of Conclusions
I have conducted an extensive investigation of the global cloud structure and
star formation activity in the Gem OBI molecular cloud complex using (i) a large
scale i2CO(J=l-0) and i3CO(J=l-0) survey covering ~33 deg^ at ~50" (0.48 pc)
resolution and sampling, (ii) a CS(J=2-1) survey covering ~ 15,500 arcmin^
(3000 pc^) also at ~50" resolution and sampling, (iii) the IRAS catalog of
far-infrared point sources, (iv) a CS(J=2-1) survey of a 4.2' x 5' region around 58
IRAS point sources with colors characteristic of young stellar objects, and (v) a J,
H, and K band survey of a 30' x 45' (17 pc x 26 pc) region. These observations
were designed to determine the large scale morphology of the Gem OBI cloud
complex and show how the structure is related to the current distribution of star
forming regions. The primary observations results and conclusions of this
investigation are cis follows:
(1) The large scale morphology of the molecular gas complex is dominated by
a network of arc shaped and ring-like structures distributed throughout the
Gem OBI cloud complex on all spatial scales between ~1 - 100 pc. Many of these
structures are found around the optical H II regions, suggesting that the
expansion of the ionized gas or the stellar winds from the ionizing OB star swept
up the ambient material. Several of the other ring-like structures contain
kinematic evidence indicating these features also represent swept up regions of
molecular gas, although no optical counterpart is apparent on the Palomar Sky
Survey prints that implicate a source. These features may have formed form past
star formation events that are no longer visible, or from lower mass stars that are
AC
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not prominent at optical wavelengths. The kinetic energy required to form many
of these structures are consistent with a stellar origin.
(2) The properties of the molecular gas were compared in designated
subregions throughout the Gem OBl cloud complex. Most of the molecular gas is
contained along lines of sight with column densities ^2 x lO^^ cm'^ and kineti
temperatures ^8-10 K. Regions containing substantially higher column densiti
and kinetic temperatures are preferentially found along arc-like structures
nearly always found in areas containing massive star formation, and in particular,
the areas near optical H II regions where the column densities are enhanced by an
order of magnitude compared to the ambient molecular gas. In at least one
instance (Sh 252), this increase in column density is consistent with the theoretical
models of an expanding H II region and stellar wind.
(3) Thirteen CS dense cores were discovered in the large scale CS survey with
masses ranging from 40 M© to 2600 M©. The distribution of these dense cores was
compared with the morphology of the molecular gas as traced by large scale ^^CO
and ^^CO observations. Nearly all of the dense cores are located within arcs and
filaments that apparently represent swept up molecular material. The
preponderance of massive cores along these features indicates that the dominant
mechanism for the formation of the current generation of dense cores in the
Gem OBI cloud complex is through the external compression of the molecular gas.
Of these 13 cores, all but one are likely associated with an IRAS point source,
which indicates that star formation must occur rapidly after the formation of a
massive dense core.
(4) The CS survey of IRAS point sources in the Gem OBI complex indicates
that the mass of the dense core is roughly correlated with the far-infrared point
source luminosity. The lowest luminosity IRAS source with a clear association
with a dense core has a luminosity of ~100 L©. In addition, the more massive
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cores are associated with more massive stars, as evidenced from observed radio
continuum emission. This suggests that the formation of dense cores is not only
conducive for the formation of stars (conclusion # 3), but also for the formation of
more massive stars.
(5) The J, H, and K near-infrared images were used to identify clusters of
stars forming in the molecular ga^ near Sh 247. Four clusters were found that
contain a statistically significant enhancement in the stellar surface density. The
spatial distribution of stars in these clusters appear to follow the large scale
distribution of the dense core they are embedded in. Many of these stars contain
excess near-infrared emission as found in the J-H vs. H-K color-color diagram,
and are likely pre-main sequence objects. Most of these stars appear to be solar
mass objects based on examination of a J vs. J-H color-magnitude diagram for
these sources.
(6) The ionizing stars for the optical H II regions have similar spectral type as
the embedded luminous (Lpm > 1000 L©) IRAS sources. While each of the
luminous IRAS sources that have been observed in the near-infrared are
associated with a cluster of stars, at least 3 of the 8 optically visible H II regions
are not associated with a cluster and appear to represent a single massive star.
These differences can be accounted for without invoking dramatic differences in
the initial mass function by assuming that the optically visible H II regions are
older than the embedded IRAS sources. The lack of clusters around the H II
regions will thereby result from dispersal of the cluster when the core is dissipated
and as the near-infrared luminosity of the stars decrease with time.
These various observations of the molecular gas and star forming regions in the
Gem OBI cloud complex can be understood in a model in which the evolution of
the cloud complex and the subsequent formation of massive stars and embedded
clusters of stars is dominated by the interactions of massive stars with the ambient
130
molecular ga^. As massive stars form and evolve, the stellar winds and expanding
H II regions sweep up shells or rings of molecular gas. If the swept up mass is
large enough, gravitational instabilities develop in the gas and the molecular gas
collapses to a higher density and quickly forms a cluster of stars. If a high enough
ma^s star is formed, eventually it too will develop drive an expanding shell, and
this process will repeat until insufficient molecular gas is remaining to form a
gravitational instability.
Appendix A
Distance Estimates to the Gem OBI Cloud
Complex
While the Gem OBI cloud complex has been rarely studied as a whole, many
of the stars, nebula, and interstellar gas within the cloud complex have been
analyzed in great detail. This Appendix gives a brief overview of the individual
components within the Gem OBI cloud complex, with emphasis on reviewing the
available distance estimates to the various features.
A.l The Gem OBl Association
Several studies have estimated a distance of ~ 1.5 kpc to the Gem OBI
association from the photometric or spectroscopic distances to the OB stars
(Crawford et al. 1955; Hardie, Seyfert, k Gulledge 1960; Humphreys 1978).
Haug (1970) suggested, however, that the Gem OBI association consists of two
groups of stars, one at a distance of ~ 1.2 kpc and the other at ~ 2 kpc.
Figure A.l displays histograms of the distances to the OB stars that are purported
members of the Gem OBI association for main sequence stars alone (bottom
panel), supergiants stars alone (middle panel), and for all (58 in total) stars (top
panel). The list of stars, their spectral classifications, and their distances were
taken primarily from Hardie, Seyfert, & Gulledge (1960), supplemented with a few
stars listed in Haug (1970) and Humphreys (1978). Evidently the stars show a
wide range of distances, but the small number of statistics prevent drawing firm
conclusions as to whether there are two distinct associations. The fact that these
two possible groups show no spatial segregation on the sky (Figure A.2) and that
the uncertainty in the distance estimate to Gem OBI is comparable to other
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Distance (kpc)
Figure A.l. Histogram of the distances to possible members of the Gem OBI
association for main sequence stars only, supergiants only, and all stars.
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Figure A. 2. The location of members of the Gem OBI association in the right
ascension-declination coordinate system, segregated by distance.
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associations in the Galaxy (Walborn 1973; Humphreys 1978) suggest that the
Gem OBI association is a single stellar group.
A.2 Sh247
Sh247 is a compact, circular Hii region about 10' in diameter at (/~189°
,
6~0.8<^
) (Sharpless 1959). A bright rim is seen in the northeast corner of the Hii
region which probably indicates that the ionization front has impacted a dense
cloud. Georgelin (1975, as reported by Kompe et al. 1989) obtained a
spectroscopic distance of 3.8 kpc to the BO iii exciting star for the nebula. Moffat,
Fitzgerald, & Jackson (1979) made the same classification, but derived a distance
of 3.5 kpc. Lahulla (1987), however, classified the star as a Bl V and determined a
photometric distance of 2.2 kpc using an average of four stars within the Sh 247
Hii region. Hunter k Massey (1990) made a BOV classification for the ionizing
star and derived a distance of 2.6 kpc. The kinematic distance to Sh 247 is
1.8±1.4 kpc (Georgelin, Georgelin, k Roux 1973). The uncertainty in this
measurement reflects that Gem OBI lies within 10° of the Galactic center, so that
kinematic distances to the individual nebula in Gem OBI can only serve as a
consistency check against other distance estimates and not as an independent
measure. Additional evidence for a 2 kpc distance to Sh 247 stems from the
apparent physical connection between the Sh 247 and Sh 252 regions as observed in
the ^^CO and ^^CO maps (see Chapter 3 and Kompe et al. 1989), since Sh252 has
a well determined distance of ~2 kpc (see discussion below).
A.3 Sh252
Sh252 (NGC2175) is a diffuse Hii region at (/~190° , 6~0.5° ) about 40' in
diameter (Sharpless 1959). The main exciting star for the Hii region is the 06.5V
star HD 42088. On the periphery of the optical nebula are 5 thermal radio
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continuum sources (Felli, Habing, & Israel 1977). One of these continuum sources
is likely ionized by HD 42088, while the other 4 are most likely ionized by separate
OB stars.
The distance to HD 42088 has been estimated numerous times from
photometric observations. Hardie, Seyfert, and Gulledge (1960) derived a distance
of 2.0 kpc, Pismis (1970) 1.95 kpc, Georgdin (1975, reported by Felli, Habing,
and Israel 1977) 1.91 kpc, and Humphreys (1978) 2.2 kpc. Distances obtained
from main sequence fitting to the Sh252 cluster are 2.2±0.3 kpc by Haikala (1984)
and 2.3±0.1 kpc by Chavarri'a-K, de Lara, and Hasse (1987).
Pismis (1970) found a small cluster of stars ~18' northeast of the center of the
mam H ii region that had been hidden on previous overexposed images of Sh 252.
She derived a distance of 3.5 kpc to this smaller cluster and concluded this was a
background object. However, using more recent calibrations of the absolute
magnitude scale, the distance to this cluster is revised to 2.1 kpc. In addition,
Haikala (1984) and Chavarria-K, de Lara, and Hasse (1987) derived distances of
2.2±0.3 kpc and 2.0±0.1 kpc, respectively, for this cluster. Thus the distance to
Sh 252 and the smaller cluster are fairly well established at 2.0 kpc.
A.4 Sh 254-258
This chain of 5 nebula are one of the most studied groups of H ii regions in the
Galaxy. The diameters of the Hii regions are ~10', 3', 1', 3', and 1' for Sh254,
Sh 255, Sh 256, Sh 257, and Sh 258 respectively. The primary exciting stars are
estimated to be ~BOV for Sh254, Sh255, and Sh257 (Hunter & Massey 1990),
while the exciting stars for Sh 256 and Sh 258 are too obscured to be classified.
There is little doubt that all 5 H ii regions are at roughly the same distance, as
they share the same radial velocities (Blitz, Fich, Sz Stark 1982) and have
independent distance estimates that agree remarkably well. (The agreement occurs
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for observations within one study, but not necessarily from different studies).
Georgelin (1975, reported by Huang 1985) derived a spectroscopic distance of
2.0 kpc for Sh254 and 2.3 kpc for Sh257, while Pismis k Hasse (1976) and Moffat,
Fitzgerald, k Jackson (1979) both estimate a distance of 2.5 kpc. ChavarnVK, de
Lara, k Uasse (1987) derive a photometric distance of 1.9±0.2 kpc, and Hunter k
Massey (1990) derived a distance of 1.2 kpc. The main source of discrepancy in
these distance estimates is the uncertainty in the classification of the exciting
stars, which varies by up to 2 subclasses from study to study. By a completely
independent method, Armandroff k Herbst (1981) estimated a distance to Sh255
of 1.92±0.17 kpc based on star counts. The unweighted average of all of the
distances estimates gives 2.0 kpc.
A. 5 Sh259
Sh259 is a small (2' diameter) Hii region that lies ~0.75° southwest of the
Sh 254-258 group. The velocity of the molecular cloud found nearby Sh 259 has a
much higher positive velocity (with respect to the local standard of rest) than the
OB Gem OBI association, Sh 247, Sh252, and Sh 254-258, and is consistent with
the H II region being a distant background source, assuming a flat rotation curve.
Moffat, Fitzgerald, k Jackson (1979) support this assertion, as they estimate a
distance of 8.3 kpc to Sh 259 based on spectroscopy of the exciting star.
A.6 BFS52
BFS 52 (Blitz, Fich, k Stark 1982) is a small Hii region (~1' in diameter) at
(/~191.9, 6~0.8). While no distance estimates are available for this source, its
proximity, common radial velocity, and possible morphological connection
(Chapter 3) with the Sh 254-258 group suggests that BFS 52 is associated with
these H ii regions.
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A.7 IC443
IC443 is a well studied supernova remnant near (/~189°
,
6-3° ) that extends
-1° in diameter. Davies, Lyre, k Seiradakic (1972) found a pulsar (PSR 0611
+22) near the center of the nebula had derived a spin down rate of -6.5 x 10^
years. Lozinskaya (1975) estimated a similar age of 5 x 10^ years based on the
expansion velocities of the filaments. The distance to IC443 is usually assumed to
be 1.5 kpc based on its relative position to the Gem OBI association.
A.8 Sh 249
Sh 249 is an expansive Hii region just northeast of IC443. Georgelin,
Georgelin, k Roux (1973) derived a spectroscopic distance of 1.90 kpc to the
exciting star of the Hii region. A string of dark filaments cross over the nebula on
the Palomar prints. It is not clear of these clouds are associated with the Hii
region or are foreground objects.
A.9 LkHa208
LkHa 208 is a brilliant bipolar nebulae near the center of the Gem OBI
complex. Finkenzeller k Mundt (1984) quote a distance of 2 kpc to LkHa 208,
which would place it within the Gem OBI cloud complex. However, the optical
obscuration toward LkHa 208 is inconsistent with this distance estimate, as
LkHa 208 appears along the edge of an opaque spot on the POSS prints that is
much more readily visible than any other region of obscuration in the Gem OBI
cloud complex. Thus while the distance to LkHa 208 is rather uncertain, although
it is undoubtedly a foreground object.
A. 10 Molecular Gas in Gem OBI
A number of studies have studied the molecular gas around the Gem OBI
association. This region in particular has been extensively observed in
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^^CO(J=1-0) with the Columbia 1.2m telescope. Huang (1985) mapped the cloud
at 30' resolution and sampling and found the emission to extend over 30 deg^.
Leisawitz, Ba^h, k Thaddeus (1989) mapped a 3<> x 3° region around Sh 252 at
higher resolution (8(7) and sampling (7:5). More recently, Stacy &
Thaddeus (1991) mapped 32 deg^ of Gem OBI at the same resolution and
sampling as Leisawitz, Bash, k Thaddeus (1989). These three studies suggest that
the total mass of the Gem OBI molecular cloud is ~10^ M©. A few high
resolution maps of selected regions within the Gem OBI complex have also been
recently made. Heyer et al (1989) mapped a 40' x 20' region around Sh 254-258 at
~45" resolution in ^^CO and ^^CO, while Kompe et al. (1989) mapped a 1.5° x
2.0° region around Sh 247 and Sh 252 in ^^CO at 4.4' resolution.
A. 11 Western Front of Gem OBI
While the distances to the H ii regions and the associated molecular material
are fairly well established at ~2.0 kpc, no direct distance estimates are available
for the molecular material at the western and southern edges of the Gem OBI
complex. The kinematics cannot resolve the issue since the cloud complex lies
close to the anti-center of the galaxy, so most objects will have a velocity with
respect to the local standard of rest of ~0. It is unlikely that this material gas is
local material (i.e., within a few hundred parsecs) since the extinction is not that
prevalent on the POSS prints. Exceptions to this statement are the LkHa208
region mentioned above, a ring of extinction near {a,8) ~(6^ 12"^, 16° 30' ), ana
patchy obscuration near around (a, ^) ^(6*^,17° ). I have searched for stars with
spectroscopic and photometric observations toward the western and southern edges
of the Gem OBI cloud complex in order to determine the distance at which the
stars become reddened. The stars that were found do not constrain the distance to
any meaningful limits. Since the morphology of the western edge suggests a
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physical relationship with the Gem OBl association (see Chapter 3), I will assume
that this feature belongs to the Gem OBl cloud complex.
An indirect distance estimate to the southern edge of the Gem OBl cloud
complex comes from the possible association of the material with the H II region
Sh 261. Using the spectroscopic and photometric measurements from
Hiltner (1955), the absolute magnitude scale from Humphreys k McElroy (1984),
the intrinsic colors from FitzGerald (1970), and the reddening laws from Rieke &
Lebofsky (1985), I derive a distance of 1.8 kpc to the exciting star of Sh261, in
close agreement with the distance to Sh 247, Sh 252, and Sh 254-258.
Chavarna-K, de Lara, k Hasse (1987), however, estimated a distance of
1.0±0.2 kpc using optical photometry and a reddening free index. While I shall
take the spectroscopic distance as the best indirect evidence for the distance to
this region of the Gem OBl cloud complex, the distinct possibility remains that
this material is foreground gas.
Appendix B
Velocity maps
This appendix presents the ^^CO and "CO velocity maps over the velocity
range relevant to the Gem OBI molecular cloud complex. The left panel in each
figure is the i2CO(J=l-0) antenna temperature over the appropriate channel, and
the right panel contains the corresponding i^CO data. The ^^CO data have been
smoothed to the velocity resolution of the "CO images. The velocity coverage of
the channels are displayed in the upper left corner of each figure. The dynamic
range of grey scales are the same for each figure, with the halftone wedge shown in
the first velocity image.
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